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Abstract
This thesis aims at getting a better understanding of the properties, scalings and
similarities of turbulent axisymmetric wakes, as well as possible applications that
arise from the information learnt.
Over the last 60 years, axisymmetric wakes have been generated using axisym-
metric bodies, such as disks, spheres and bodies of revolution, and key parameters
such as the drag coefficient, shedding frequency and similarity and scaling of the
wake width and velocity deficit have been documented and verified by numerous
experimental and numerical studies. However, in this thesis the aim is to use asym-
metric wake generators to generate the axisymmetric wakes and see if this has any
effect on the results. These asymmetric wake generators are made up of a square
plate and a number of fractal plates, where the perimeter of the plates can be
increased by as much as 16 times that of the square. As well as increasing the
perimeter, the irregularity, or fractal dimension, is also increased.
It is found that the drag coefficient of the fractal plates is increased to beyond the
values observed for regular polygons and a theory is presented that could explain this
possible change in the drag coefficient, whereby the drag coefficient is the product
of the volume of the wake and the dissipation of the turbulent kinetic energy within
the wake. Wake profiles were taken over a moderate downstream distance of up to
50`, where ` is the characteristic length of the plates, defined as the square root
of the frontal area. Using the measured integral width of the wake directly, it was
found that the volume of the wake decreased with increasing fractal dimension and
iteration. Using these values, the similarity and scaling of the wake was carried out
and a new high local Reynolds number scaling for turbulent axisymmetric wakes
was discovered and for which the data from the fractal plates fit very well. The
intensity of the vortex shedding is also shown to decrease with increasing perimeter
and fractal dimension and it is found that the rate at which these vortices are shed is
the same for all plates if the characteristic length is used to normalise the frequency.
It is also discussed how the decrease in the energy of the vortex shedding is linked
to the volume of the wake.
Finally, the use of fractal geometries to manipulate the wake to reduce noise is
also investigated, with emphasis placed on various aspects of an aircrafts wing.
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Chapter 1
Introduction
1.1 Why does the wake matter so much?
When a body, streamline or blunt, is submerged into a moving fluid a wake will form.
The body and the wake are linked and one cannot exist without the other, sometimes
to the frustration of engineers as the size, structure and dynamics of the wake can
have severe consequences on the very body that created it in the first place. The
nature of the wake can affect the body’s aerodynamics, structural integrity and the
noise it generates. Understanding how various aspects of the wake are interlinked
is still a vibrant field in fluid dynamics today and what’s more, controlling these
aspects has been gaining significant interest in recent years as we strive for greater
efficiency.
The control of a wake can effectively be split into two main schools of thought;
those which use passive methods and those which use active methods. The latter
relies on the fact that the whole system is able to recognise certain flow related
phenomena and then actively control the various mechanisms it has to continuously
interact with this phenomena, a method of sensing and actuation that is commonly
used in electronics for example. This method of control must therefore have some
moving parts, which do nothing when the whole system is considered to be in an
equilibrium state, and then activate when there is a disturbance. Passive control on
the other hand have no moving parts and simply rely on changing certain aspects
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of the design to make it less susceptible to a particular phenomenon. In both cases,
one of the downsides is that the modification may in fact alter another performance
characteristic of the body at the same time.
A suitable starting point for this thesis is therefore to cover some of the various
passive and active methods that have been used in the past. Note that this is not an
exhaustive literature review on all the different methods, but should instead be seen
as an introduction where more specific examples shall be covered in the subsequent
chapters.
To begin with, various wake generators, the term used here to define any ob-
ject submerged in a fluid, can be categorised into two main groups; those that are
streamlined where the drag of the object is relatively small, and blunt objects where
the drag is much larger and is dominated by the pressure (profile drag) instead of
skin friction effects. These two categories are not mutually exclusive as a wing,
considered to be the ultimate streamline body, can become a bluff body when the
angle of attack is high enough to cause the wing to stall and the drag to suddenly
increase. In fact, even within the bluff body category, the generator can be subdi-
vided into a number of sub-categories each of which behave differently. For example
there is the case when the body can have either finite or infinite length, one creating
a two-dimensional flow whilst the other a three-dimensional flow and wake. Then
there is the case where the aspect ratio, defined here as the ratio between a frontal
length and the depth of the object, is either finite or infinite, the latter being the
case where the thickness is assumed to be zero and hence the boundary layer is not
a factor. A clear consequence of the former is that there would be clear Reynolds
number effects as the boundary layer develops and eventually transitions.
Each of these cases are different and the mechanisms that control the aerody-
namic characteristics of the body and the wake are also different. In figure 1.1,
the various categories of wake generators discussed above are illustrated, hopefully
making the differences between the different types easier to understand. In the
following two sections, it shall be shown that the various control methods behave
differently for each wake generator even though the Reynolds number is the same,
meaning that the performance of one type should not be used as analogous for all
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wake generators.
1.2 Passive control
1.2.1 Freestream effects
1.2.1.1 Finite aspect ratio
In most wind tunnel and numerical studies of the flow past both streamline and
bluff bodies, the freestream flow is considered to be laminar, however in reality the
flow is rarely perfectly laminar, that is to say that it has no fluctuating velocity
component. Nevertheless, studying the wake under these conditions is a useful
tool that would ultimately allow scientists and engineers to understand the effect a
turbulent free stream has on the performance of the wake generator. For streamline
bodies, the book by Abbott and Von Doenhoff [1959], who summarised the lift, drag
and pitching moments for a large variety of aerofoil sections and a large range of
Reynolds numbers provide a good starting point for most studies. Yet as has already
been pointed out, the flows we experience in the real world are far from laminar and
the same could be said for wind tunnels as they will always undoubtably have some
amount of background turbulence that will result in contrasting values from one
study to another.
The begging question therefore becomes what effect does turbulence in the
freestream have on the performance of the wing section? Hoffmann [1991] pro-
vides the answer. The simple conclusion from Hoffmann’s study, where he used
a NACA0015 wing section, is that increasing the turbulence intensity of the free
stream causes a delay in the stall of wing, increasing the maximum lift coefficient
CLmax where CL = L/(0.5ρU2∞A) is the coefficient of lift of the wing section, L is the
lift force, ρ is the density of the fluid, U∞ is the free stream velocity and A is the
area of the wing, defined as the span s of the wing multiplied by the chord c of the
wing. At the same time there is also an increase in the drag coefficient.
So what is the reason for this change in performance? The simple answer is that
the turbulent free stream is causing the laminar boundary layer on the surface of
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(a) 2D Bluff Body - Finite Aspect Ratio (b) 3D Bluff Body - Finite Aspect Ratio
(c) 2D Bluff Body - Infinite Aspect Ratio (d) 3D Bluff Body - Infinite Aspect Ra-
tio
(e) 2D Streamline Body (f) 3D Streamline Body
Figure 1.1: Definition of various wake generators
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the wing to transition and become turbulent, which can withstand higher pressure
gradients, thus become less susceptible to separation and hence increase the lift for
the higher angles of attack. At the same time, the fact that there is a turbulent
boundary layer means there must be an increase in skin friction and thus the drag
increases as well. A fairly simple explanation, but what might this have to do
with the wake of the wing one might ask? As has been pointed out at the start
of this section, one cannot exist without the other and changes in characteristics
of one causes a change in the other. If the drag of the body increases then there
must be an increase in the momentum thickness θ in the wake as momentum must be
conserved. In equations 1.1 and 1.2 the expression for the two- and three-dimensional
momentum thicknesses are shown respectively, where U is the local mean velocity
and n is a distance in the direction normal to the free stream flow.
θ2D = ∫ ∞
0
U
U∞ (1 − UU∞)dn (1.1)
θ23D = ∫ ∞
0
U
U∞ (1 − UU∞)ndn (1.2)
The change in drag of the body and thus the momentum thickness means that
the velocity deficit in the wake must change or that the size of the wake changes,
or both. Thus we now see how a change in the aerodynamic properties of the wing
can cause the properties of the wake to change.
A similar effect is observed for bluff bodies, both two and three-dimensional. The
most common tool used to generate a two-dimensional bluff body flow has been the
circular cylinder, for which Zdravkovich [1997] covers extensively in his two volume
book. Here as before, by introducing a turbulent free stream, the boundary layer
transitions, this time causing the drag to decrease as the wake reduces in size since
the flow now separates further around the cylinder. In both of these two cases
i.e. the bluff and streamline body, the boundary layer plays an important role, but
what would happen if instead of a circular cylinder, we had a flat fence which, for
all intents and purposes, has zero thickness so that there is no boundary layer?
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1.2.1.2 Infinite aspect ratio
Some of the earliest investigations on the effects of free stream turbulence on flat
plates, such as the one in figure 1.1(d), were done by Bearman [1971] and later
by Bearman and Morel [1983], where they used square plates and circular disks
of varying size. With the addition of a turbulent freestream, the base pressure
CPb = P /(0.5ρU2∞), where P is the pressure on the back face of the plate, became
more negative and hence the drag coefficient increased. The eight inch square plate
in his study, for example, had a CD of 1.152 with a laminar freestream, but this
then increased with a turbulent freestream, typically by a few percent.
The influence of a turbulent freestream on the drag of plates was further studied
by Humphries and Vincent [1976a,b] who found that the drag of a circular disk could
be increased up to 1.28 as the turbulent intensity and integral length scale in the
turbulent freestream were increased. These studies, as well as the one by Bearman
[1971], suggested that this increase in drag was linked to the shear layer.
With a laminar freestream, the flow will separate from the body and the resulting
shear layer will transition at some point fairly close to it. Bearman [1971] states that
the transition point of the shear layer remains fairly unchanged with the addition of
turbulence to the freestream, however there was a marked increase in the amount of
turbulence at the transition point. In both cases, the turbulent shear layer would en-
train fluid from the base to the freestream however the rate of entrainment increased
when a turbulent freestream is present, causing the base pressure to decrease and
thus increase the drag of the plate. Bearman [1971] argues that the rate at which
the turbulence entrains fluid is controlled by the scale and intensity of the energy
containing eddies and thus the entrainment from the base can be related to the base
pressure as CP b ∝ (u′/U∞)(Lx2/A), where u′ is the rms of the velocity, A is the
area of the plate and Lx is the longitudinal integral length-scale of the turbulent
freestream. Therefore, if the turbulence is increased, so will the drag. However, this
is only true for the case where L2x < A. If the eddies are larger than the body i.e.
L2x ≥ A, they no longer mix with the wake and it can therefore be possible to predict
the drag of a plate in a turbulent freestream as (CD)T = CD(1 + (u′/U∞)2).
24
1.2. PASSIVE CONTROL
Humphries and Vincent [1976a] continued on a similar trail of thought and in-
troduced a turbulence parameter, Λ ≡ (Lxkf 0.5)/dU∞, where kf is the kinetic energy
of the turbulent freestream and d is the diameter of the disk. This parameter was
again used by Humphries and Vincent [1976b] to study the drag coefficient for both
square and circular plates of varying size for different values of Λ. Their results sug-
gest that without the influence of turbulence, the CD for a circular disk and square
disk are 1.12 and 1.16 respectively, although these values can increase to as much
as 1.2 and 1.28 depending on the value of Λ.
1.2.1.3 Summary
Clearly by having a turbulent freestream it is possible to alter the aerodynamic
characteristics of the wake generator and thus the wake, hence by simply introducing
a turbulent freestream one is able to passively change the performance. It has also
been shown that there is a difference in the manner a turbulent freestream affects
a body of infinite aspect ratio - where the turbulent freestream causes a transition
in the shear layer and an increase in entrainment, causing an increase in drag -
compared to one that has a finite aspect ratio - where the turbulence causes the
boundary layer to transition, delay separation and thus increase the lift on a wing
whilst slightly increasing the drag, whereas it creates a smaller wake and thus less
drag on a cylinder. It should be noted however that this is true up to a point, because
as the Reynolds number increases, the boundary layer may well be turbulent to begin
with and then it again comes down to the behaviour of the shear layer.
Nevertheless, by studying the effect a turbulent freestream has on the aerody-
namic performance of wake generators, other methods of passive flow control have
been developed that attempt to re-create the same effects, which is covered in the
next section.
1.2.2 Surface alterations
One of the obvious outcomes from the previous section is that by having a turbulent
boundary layer it is possible to delay the separation and thus reduce the size of
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the wake and, depending on the wake generator, change the drag characteristics.
However there are instances when the turbulence in the flow is not high enough to
cause the desired effect and it is impractical to place turbulence grids to increase
the turbulence in the freestream. In these circumstances, objects are placed on the
surface of the wake generator to encourage the boundary layer to transition earlier
than it would naturally. On spheres, such as the one shown in figure 1.1(b), dimples
are used to trigger the boundary layer which is known to reduce the drag (Choi et al.
[2006]) and is used on golf balls (Bearman and Harvey [1976]). On wings, vortex
generators are used to achieve the same effect and are vital for delaying stall.
These methods however, only really work on finite aspect ratio bodies where
there is room to place them, the same can not be said for infinite aspect ratio bodies
like the ones shown in figures 1.1(c) and 1.1(d).
1.2.3 Porosity / Base Bleeding
For infinite aspect ratio wake generators, porosity is a common mechanism used
to control the wake. This is achieved by adding holes of a certain diameter into
the body. One of the earliest studies was by Castro [1971], although since that
study there have been several others all investigating the effect porosity has on the
aerodynamic performance - see Graham [1976], Ranga Raju et al. [1988], Fang and
Wang [1997], Shiau [1998], Lee and Kim [1999], Kim and Lee [2001] for further
information.
Castro [1971] found that by increasing the porosity i.e. the ratio between open
area to solid area of his fence, and thus allowing more ’bleeding’ of the air through
the plate, the re-circulation bubble behind the plate first became detached from the
body then moved further downstream. It was also suggested that the bubble could
be removed entirely if the entrainment in the shear layer was large enough, although
it is plausible that with the correct porosity geometry, this could also be achieved.
The steady increase in porosity also showed a decrease in the drag coefficient. By
increasing the porosity of the flat plates, two distinct regimes were identified, one
where the bubble is still present and vortex shedding exists, and another where both
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disappear corresponding to a porosity of roughly 30%. What’s more, there are signs
that the Strouhal number St = (f`)/U∞ where f is the shedding frequency and ` is
a characteristic length of the body, slightly increases as the porosity increases, but
this change is small.
The main role of base bleeding can be seen as stopping the interaction of the
shear layers with themselves, thus changing the aerodynamic characteristics of the
plate. Interestingly, base bleeding has a similar effect to splitter plates on bluff
bodies as demonstrated by Bearman [1965].
It should be noted that the effectiveness of base bleeding is not solely linked to
the porosity of the body but must also somehow be linked to the geometry of the
porosity. For example if we wanted to achieve a porosity of 25% on a square plate
of 1m x 1m, then this could be achieved by having one single hole with a radius of
0.28m2, or by four holes with a radius of 0.14m2. Clearly these two configurations
would produce a different flow regime behind the plate, as was confirmed by Kim
and Lee [2001]. The effect of base bleeding should therefore not be confined to
one where a certain porosity level will produce a certain type of flow feature and a
certain drag. Instead, the questions that should be asked is what sort of bleed air
does the geometry and the porosity of the holes in the plate produce? This, as one
could imagine, would open a whole new set of problems where different geometries
would create different turbulent intensities and momentum flow rates, all of which
could have a different effect on the bubble, vortex shedding and the drag of the
plate. Nevertheless, the evidence does lead to the conclusion that base bleeding can
be a very effective tool in interacting with the re-circulating region.
1.3 Active control
The simple fact that the re-circulating region could be manipulated using base bleed-
ing leads to several possibilities for bluff body aerodynamics in terms of acoustics,
drag and vortex shedding, as shall be covered in later sections. Of the passive meth-
ods mentioned above, base bleeding is the one that lends itself very easily to active
flow control whereby the flow coming through the base of the body is controlled
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by jet actuators. This technique could not, however, readily be used on bodies of
infinite aspect ratio for the simple reason there is no room to place the jet actuators,
hence this method would be ideal for finite bodies such as cylinders and ‘bullets’,
with the obvious application being placing them on the rear of vehicles.
In recent years there has been a steady increase in interest in this field. However,
as has already been pointed out, knowing the exact amount of air that should be
thrust from the back of a model depends on the conditions and there is no guarantee
that location, size and number of holes present on the back of the model are ideal
for all flow conditions that the object might experience.
1.4 Aim of the thesis
Although each of these methods have their merits, the main issue that still exists is
that for us to be able to effectively control the wake, we must have a solid under-
standing of the mechanisms involved in creating it in the first place. As a result,
most studies spend a considerable amount of time investigating the origins of a
particular feature of the wake before trying to control it, often finding that things
do not work as originally thought. The previous two sections have also highlighted
how the manipulation of wake and aerodynamic characteristics depends on the wake
generator itself and that it is unlikely there is a universal method for controlling all
types. Clearly there is still a fair way to go for us to fully understand the mechanisms
involved within the wake.
What is evident from the brief literature review presented above is that all of
the control methods mentioned, both passive and active, have only effectively used
a single length-scale for control purposes, for example the turbulence generated in
wind tunnels have come from a regular mesh of bars, all of which have a single
thickness and a set spacing. The vortex generators and dimples for the surface
manipulation methods are again all the same size, as are the sizes of the holes used
for base bleeding, both passive and active. But apart from the simple reason that it
is easier to study the effect of these as you only have to consider a single length-scale
in your calculations, is there any other reason why they have to be the same size?
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(a) Brown Pelican (b) Foliage
Figure 1.2: Fractals in nature
Why can they not be of varying size? Is there any precedent for using multiple length
scales to interact with the flow? At the same time, why does the wake generator
have to be of simple geometry?
If we look at our natural environment, we quickly find that there are very few
things that have a simple shape or a single length-scale. The wing of a bird, such as
the Brown Pelican shown in figure 1.2(a), is not perfectly smooth, nor is the trailing
edge of it straight but instead the inter-layered feathers create a rough surface and
an uneven trailing edge. Buildings within an urban environment are of different
shape and size, so it is not too much of a stretch to think that the wind blowing
through the streets would result from a mixture of length-scales. The buildings
themselves will also create wakes that will interact with wakes of other buildings
of varying size. The same can be said for the forests, both above and below the
water, where the trees themselves are made up of branches that become smaller and
smaller as you move to the tip of the tree, such as those shown in figure 1.2(b).
Although all of these features seem complex, there is often in fact a repeating
pattern within them as first documented by Mandelbrot [1983]. Clearly there must
be a reason why so many facets of the natural world have a fractal/multi-scale
nature to them. The fractal nature of turbulent flow in general has been looked
at extensively over the last few years (Gomes-Fernandes et al. [2012], Hurst and
Vassilicos [2007], Laizet and Vassilicos [2012], Laizet et al. [2010], Mandelbrot [1975],
Mazzi and Vassilicos [2004], Meneveau and Sreenivasan [1991], Seoud and Vassilicos
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[2007], Valente and Vassilicos [2011a,c, 2012]), the majority of which used fractal
grids to generate the turbulent freestream which has led to a better understanding
of turbulent flows in general. By simply exciting several length-scales within a flow,
new mechanisms such as the space-scale unfolding mechanism for mixing (Laizet
and Vassilicos [2012]) have been discovered.
What fractal/multi-scale geometries effectively allow us to do is investigate the
very nature of turbulent flows by exciting several aspects of it. If all we have used
in the past are regular mesh grids to generate turbulence, then it would be difficult
to find new features of the flow. If cylinders and fences have been the main tool for
investigating planar wakes, then it is going to be very difficult to gain new insight into
the mechanisms within a planar wake. Similarly, if disks, spheres and bullets have
been used to generate axisymmetric wakes, then we leave ourselves very little room
to investigate the very nature of a three-dimensional wakes. Therefore, the first and
most fundamental aim of this study is to investigate the effects that fractal/multi-
scale geometries have on the aerodynamic characteristics and wake properties of the
bodies used.
Clearly understanding the wake characteristics of all types of wake generators
would be too much for one single thesis as each of the six options shown in figure
1.1 would be a thesis themselves. As this is the first of what is hoped to be several
investigations into this field, there is the luxury of choosing which one to start with.
Of the six mentioned in figure 1.1, the infinite aspect ratio bodies lend themselves
more easily to fractal/multi-scale manipulation, and of the two the three-dimensional
body is selected as it negates any wall effects. The choice of this type of body also
leads to an interesting question, how necessary is it to have an axisymmetric body
to generate an axisymmetric wake? This type of wake generator, especially the
disk, has extensively been studied in the past, as shall be shown in chapter 2. Now
that a type of wake generator has been selected, the next issue is what method of
manipulation should be used? The obvious choice is to use the fractal grids from
previous studies and place them in front of a disk, but this would lead to issues
in accurately measuring the wake itself, knowing where the wake ended and the
freestream began, see Rind and Castro [2012] for example where they place a disk
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in a turbulent free stream, generated using a classical regular mesh grid. Active
control would obviously not work as there is no room for the moving parts and so
the clear option is to use some form of base bleeding, similar to the work carried
out by Kang et al. [2011]. Another possible method of manipulating the wake is
by altering the perimeter of the body in a fractal manner, that would effectively
introduce turbulence into the shear layer. Hence, both of these methods shall be
investigated.
Evidently there are several aspects that shall be considered in this study, which
can be summarised by the following questions:
● How strict is the need for a 3D infinite aspect ratio wake generator to be
axisymmetric to produce an axisymmetric wake?
● For a 3D infinite aspect ratio wake generator, can the drag of the body be
altered without changing the frontal area, and if so what are the possible
mechanisms responsible for it?
● Can the size and growth rate of the wake be altered in a passive manner for
these wake generators? What are the controlling factors?
● It is possible to reduce the re-circulation region behind this type of wake
generator and what impact does this modification have?
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Part II
Fractalisation of three-dimensional,
infinite aspect ratio wake generators
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Chapter 2
Drag coefficient of regular polygon
and fractal plates
2.1 Introduction
As mentioned in the previous chapter, of the various wake generators that can be
studied we shall focus our attention on three-dimensional, infinite aspect ratio wake
generators, or in other words, flat plates. The most common shape that has been
used in the past is the disk as it generates an axisymmetric wake which is one of
the classical flows in fluid dynamics. To begin with, a short literature review is
presented on the main findings of disks as well as other regular polygon plates.
2.1.1 Disks and Square Plates
Since the first basic flow visualisations of the wake structure behind a circular disk
were done by Marshall and Stanton [1931], researchers have focused on understand-
ing this flow in more detail. To the author’s knowledge, Fail et al. [1957], obtained
some of the earliest measurements of the drag and shedding frequencies of circu-
lar disks as well as other plates of similar frontal area. For the circular disk, they
found that the drag coefficient was 1.12 whilst the Strouhal number, St, based on
the square root of the frontal area, was found to be 0.115. Carmody [1964] took
hot-wire and pressure measurements behind a circular disk showing that 95% of the
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total transfer of energy from the mean motion to the turbulent motion takes place
very close to the plate, usually within the first three plate diameters. Carmody
[1964] also offered a CD of 1.14.
Thus far, the characteristics of the plates had only been considered with a lami-
nar freestream. As mentioned in the previous chapter, it is known that the addition
of turbulence to the freestream causes the rate of entrainment form the wake to
increase, which would result in an increase in drag. Some further progress in the
understanding of the wake structure was made by Berger et al. [1990], whose exper-
iments focused on the near wake at relatively low Reynolds numbers and revealed
various regimes with various associated shedding frequencies. Further studies by
Lee and Bearman [1992], Miau et al. [1997], Kiya et al. [2001] and Shenoy and
Kleinstreuer [2008] have added to the understanding of the wake of a circular disk,
however, as quoted by Kiya et al. [2001]: “the wake of a square plate normal to the
flow is not understood yet."
2.1.2 Other Polygon Shaped Disks
Although the study of regular polygon plates has been dominated by circular disks
as well as square plates, a few other shapes have also been considered. Fail et al.
[1957], as well as studying these two plates, also studied an equilateral triangle
plate and a tabbed plate, which was a disk that had six equally spaced and sized
protrusions. What was rather surprising was that all of these plates had similar drag
coefficients between 1.12 and 1.15 and Strouhal numbers between 0.115 and 0.117
when the incoming flow was laminar. A CD value of 1.18 was found by Humphries
and Vincent [1976b] for the triangular plate with a laminar freestream.
Elliptical and rectangular plates were studied by Kiya and Abe [1999] and again
by Kiya et al. [2001] where the main finding was that the wake had the same shape
as the plate itself, however, the alignment is rotated by 90○ with the major axis of
the plate aligned with the minor axis of the wake at a distance of four lengthscales
downstream of the plate, with the length of the minor axis of the plate being used
to normalise the downstream distance. Two distinct shedding frequencies are also
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observed, one for each axis, however the Strouhal number is found to decrease with
aspect ratio of the plate, from roughly 0.12 where the aspect ratio is 1, to roughly
0.06 for the major axis and 0.11 for the minor axis of an elliptical plate with an
aspect ratio of 3.
From what we have seen so far, it appears that the drag coefficient of plates
all fall within a very narrow band of values, however this is based on only five
shapes (disk, square, triangle, ellipse, tabbed). The main aim of this chapter is to
investigate the drag coefficient of several regular polygon plates as well as fractal
plates and ascertain if there are any trends in the data.
2.2 Experimental set-up and test parameters
2.2.1 Tunnel configuration
The majority of measurements for this part of the thesis were carried out in the 3x3
wind-tunnel (see figure 2.1) in the Department of Aeronautics at Imperial College
London, which has a working cross section of 3ft x 3ft (0.91m x 0.91m) and a
working length of 16ft (4.88m). The tunnel has a contraction ratio of 9:1 and a
background turbulence of 0.05%, making it ideal for high-quality flow studies and
a three-axis traverse which is capable of covering 90% of the height and width of
the test section. Some measurements, specifically concerning the drag coefficient of
regular polygons, were taken in the ‘Donald Campbell’ Tunnel which has a working
cross-section of 4ft x 5ft (1.22m x 1.52m), a working length of 11ft (3.35m), a top
speed of 40ms−1 and a background turbulence level of 0.23%.
The tunnel was operated at a free-stream velocity of U∞ = 10ms−1 which was
controlled and stabilised with a PID feedback system using the static pressure differ-
ence across the 9:1 contraction and the temperature inside the test section measured
half way along it. Both the pressure and the temperature were measured using a
Furness Controls Micromanometer FCO510 which also had an atmospheric gauge
sensor attached to give instantaneous air density readings. It was observed that
by setting the freestream velocity to U∞ = 10ms−1, there was better control of the
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38kW, 800rpm Motor Wide Angle Diffuser Screen K=2.5
Three Screens
K = 1.6
Honeycomb
Settling Chamber
16ft Working Section
Turbulence Level ~ 0.05%
3ft x 3ft Cross Section
9:1 Contraction
Figure 2.1: 3ft x 3ft Wind Tunnel at the Department of Aeronautics, Im-
perial College London. K is defined here as the normalised
pressure drop across the screens.
temperature during data acquisition, which is vital for hot-wire anemometry.
2.2.2 Fractal plates
A total of 11 plates, shown in figure 2.3, were built using an Objet Connex350 3D
printer, with VeroBlack as the material. The characteristic length of all the plates
was
√
A = ` = 128mm, giving a blockage ratio of σ = 1.96% whilst the thickness for
all these plates was t = 2.5mm.
The fractal dimension, Df is defined mathematically by equation 2.1 - see Man-
delbrot [1983] - and measures how rough or smooth an object is. For a line in
a 2D plane, a value of one would mean a smooth straight line, whilst any value
greater than one would mean a rough shape, the maximum value of Df being 2.
The parameters defining the fractal edges of our plates are in equations 2.1-2.4.
Df = log(dn)
log( λln ) (2.1)
ln = λ/rn (2.2)
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r = 4(cosα − 1) + d (2.3)
Pn = Sdnln (2.4)
where r is the ratio between successive lengths, Pn is the perimeter of the plate at
iteration n and S is the number of sides on the base shape on which the fractal
edges are applied (S = 4 for a base square plate). A simple way to understand the
fractal shape of the edge is illustrated in figure 2.2. The base straight line of length
λ is replaced by a number, d, of segments of length l1 such that the area under the
line remains the same. This is iteration n = 1. The second iteration n = 2 consists
of replacing each individual segment of length l1 by the same pattern of d segments,
but smaller i.e. the segments now have a length l2 = l1/r. And so on for as many
iterations required.
Two patterns were used to generate the fractal plates, a square (α = 90○, d = 8
and Df = 1.5) and a triangle pattern (α = 45○, d = 4 and Df = 1.3), both shown in
figure 2.2. Consecutive iterations were obtained by applying the same pattern to
each new length-scale generated, repeated until a machining limit is reached.
After preliminary measurements were taken with the larger plates, a few smaller
plates were manufactured that would allow us to extend, in chapters 3 and 4, the
region of the wake study to 50` distances downstream of the plate. These plates are
half the scale of the initial plates, resulting in a characteristic length of 64mm and a
λ
ln
α
(a) Df = 1.5
λ
ln
α
(b) Df = 1.3
Figure 2.2: Illustration of a fractal iteration with corresponding definitions
of fractal parameters
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(a) Disk (b) Square
(c) Df1.3(1) (d) Df1.3(2) (e) Df1.3(3) (f) Df1.3(4) (g) Df1.3(5)
(h) Df1.5(1) (i) Df1.5(2) (j) Df1.5(3) (k) Df1.5(4)
Figure 2.3: Scaled drawings of flat plates used in this experiment
thickness of 1.25mm. Only a selection of plates were made, including a disk, square,
Df = 1.3(4) and the first three iterations of the Df = 1.5 series of plates. The length
of each segment on these plates is shown in table 2.1. The area of the disk is set to
that of the ` = 64mm plates and has a characteristic length of ` = (√piD)/2, where
D is the diameter of the disk.
2.2.3 Force Measurements and Plate Suspension
2.2.3.1 3 x 3 tunnel set-up
To obtain drag force measurements, the plates were mounted onto a six-axis, ATI
Nano17 Force/Torque Sensor which has a range of 35N in the direction of the drag
force and a resolution of 1/160N, but is also capable of measuring the moments about
three axes with a resolution of 1/32Nmm. Both the attachment face of the sensor
(i.e. the side on which the plates were attached) and the mounting face (i.e. the
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φ = 0o
φ = 30o
φ = 60o
φ = 90o
(a) Df = 1.3
φ = 0o
φ = 30o
φ = 60o
φ = 90o
(b) Df = 1.5
Figure 2.4: Illustration of the discrete rotational symmetry of the fractal
plates. Note that each successive iteration will have the same
90○ rotational symmetry and that there is a clear difference be-
tween the first three polar angles.
side which is fixed to a solid surface) have three M2-.40 holes equally spaced at 120○
intervals, meaning that the plates could be rotated to polar angles of φ = 0○,30○ and
60○ owing to the 90○ rotational symmetry of the plates - see figure 2.4 for illustration
highlighting the difference in polar angles relative to the plates geometry and figure
2.5(a) for definition of co-ordinate tunnel system.
The sensor was attached onto a small aluminium plate of dimension 20mm x
20mm x 6mm, which was suspended in the middle of the tunnel, 0.5m from the
start of the test-section, using four 0.2mm piano wires all of which were attached to
the tunnel walls in one plane. Although it is often preferred to have two extra pairs of
piano wires attached to the plate, out of the plane to prevent any out of plane motion
when a force is exerted on it, it was not possible to do so owing to the complexity
of the shapes and the need to readily change the plates between runs. It was found
however that at the test speed of U∞ = 10ms−1, there was no noticeable out of plane
movement, minor signs of out of plane movement were observed at U∞ = 15ms−1
whilst at U∞ = 20ms−1 there was visible movement of the plates. For this reason, the
force measurements were limited to freestream velocities from U∞ = 5ms−1 to U∞
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(a)
(b) (c)
Figure 2.5: Setup in the wind tunnel, showing the definition of axis for wake
flow behind the plates (a), the Df = 1.5(3) plate attached to
the force/torque sensor in the middle of the tunnel (b) and the
X-wire and Pitot tube mounted on a custom made holder (c)
which allows for automated calibration. Figure 2.5(c) is referred
to in chapter 3
= 15ms−1 in 2.5ms−1 increments, giving a Reynolds number range, Re` = U∞`/ν,
based on the characteristic length of the plate, of 41,000 ≤ Re` ≤ 122,500. The
Reynolds number of the wires were 320 times smaller than the Reynolds number of
the plates, based on the characteristic length ` = 64mm.
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Figure 2.6: Schematic of the experimental set-up using (a) the iml force
sensor, and (b) the ATI sensor in the Donald Campbell Tunnel.
Data from the ATI sensor were sampled at a rate of 100 Hz for 60 seconds which
was sufficient for converged statistics of the mean and fluctuating forces. It should
be noted that only the ` = 128mm plates were used for the force measurements
as there was considerable difficulty in accurately obtaining measurements for the
smaller plates, where the raw drag force could be as low as 0.3N, hence resolving the
differences between the plates would be difficult. In figure 2.5(b) we show the Df
= 1.5(3) plate attached to the ATI sensor, which is just visible between the small
aluminium plate and the fractal plates. It should also be noted that the sensor
was removed once the force measurements had been taken, thus minimising any
additional interference to the wake from the large data cable from the sensor.
2.2.3.2 Donald Campbell tunnel set-up
The set-up in the Donald Campbell (DC) tunnel included a stand with a protrud-
ing arm onto which the plates were mounted. Two different sensors were used for
the measurements in the tunnel, which included some preliminary measurements of
regular polygon plates and some larger fractal plates where the characteristic length
was ` = 256mm. For one set-up, this extrusion was an iml ‘Z’ type 500N load cell
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which has a total inaccuracy of < ±0.05% of full-scale range - see figure 2.6a; the
second had the six-axis, ATI Nano17 Force/Torque Sensor attached on the end of a
100mm steed rod - see figure 2.6b.
2.3 The drag coefficient of regular polygon plates
From the literature review it would appear that the drag coefficient of regular poly-
gon plates all fell within a narrow band of values, however this was based on only
three plates. To verify this, some preliminary measurements were taken in the ‘Don-
ald Campbell’ Tunnel. The plates, ranging from a triangle to a decagon (10 sided
regular polygon) were cut out of MDF where the characteristic length ` was 256mm
and the thickness was set to 5mm, giving a blockage ratio of 3.53%. The free stream
velocity was set to U∞ = 10ms−1. Each plate was mounted onto the six-axis, ATI
Nano17 Force/Torque Sensor i.e. the configuration shown in figure 2.6b.
It is known that increasing the number of sides of a regular polygon, whilst
keeping the frontal area the same, decreases the perimeter of the plate. We can also
define a ratio between the perimeter of a given shape PS to that of a disk P0, as
the disk is deemed to be the smoothest shape possible for a regular polygon as it
has no discontinuities on its perimeter. Hence by decreasing the number of sides
(S) of the regular polygon, the shape becomes more disjointed with the corners
becoming sharper. A limit is reached for the triangle as it is not possible to have
a two sided regular polygon and hence the largest perimeter than can be achieved
with regular polygons is that of the triangle. In table 2.2 various parameters of
the regular polygons used are shown where lS is the length of each segment on the
regular polygon which can be defined from equation 2.5.
`2 = 1
4
Sl2S cot(pi/S) (2.5)
In figure 2.7 we immediately see that the variation in the drag coefficient for
regular polygons is very small at roughly 2%, although the error bars of some of
the data sets do overlap. Nevertheless there are also indications of a possible trend
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Shape Df S PS/P0 l2S/`2
Triangle 1.0 3 1.287 2.31
Square 1.0 4 1.129 1.00
Pentagon 1.0 5 1.076 0.58
Hexagon 1.0 6 1.051 0.38
Septagon 1.0 7 1.036 0.28
Octagon 1.0 8 1.028 0.21
Enneagon 1.0 9 1.022 0.16
Decagon 1.0 10 1.018 0.13
Disk 1.0 ∞ 1.000 0
Table 2.2: Dimensions of the regular polygon plates used, where S is the
number of sides of the regular polygon, lS is the length of each
side, P0 is the perimeter of the disk and PS = SlS is the perimeter
of the regular polygon
with increasing PS/P0 i.e. as we tend to a triangle, which suggests that the drag
coefficient increases as the perimeter and the ‘roughness’ of the plates increases.
Note that the difference between the drag force of the triangle and the decagon was
16 times larger than the resolution of the ATI sensor. These results therefore suggest
that by increasing the perimeter of the plate, it might be possible to increase the
drag coefficient further, however the only way of achieving this is by introducing a
fractal pattern to the perimeter, whilst keeping the area of the plate constant.
2.4 The drag coefficient of fractal plates
From what we have seen for regular polygon plates, it appears that if the perimeter is
increased for a give frontal area, then the drag coefficient may increase with it. This
was the premise of using fractal geometries on the perimeter of a square plate and
we thus begin our analysis of these plates by considering the drag coefficient across a
range of Reynolds numbers. In figure 2.8 we plot the change in drag coefficient with
Reynolds number for the square, Df = 1.3(4) and the first three iterations of the Df
= 1.5 series of plates where we can see that even at the lowest Reynolds number there
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Figure 2.7: Drag coefficient for a series of regular polygons, where the er-
ror bars are the standard deviation of the time-varying force
measurements
are no significant viscous effects that would cause an increase in drag. Hence we can
assume that the drag coefficient is approximately independent of Reynolds number
for Re` ≥ 41,000 for all plates. But what about the variation in drag coefficient as
fractal dimension and iteration increase?
In figure 2.9, the drag coefficient of the fractal plates, taken in the 3x3 tunnel
and the DC tunnel using two types of force sensors is shown. Clearly a pattern
is emerging from whereby the Df = 1.3 plates show higher drag values than the
square plate and the Df = 1.5 series of plates having even higher values than the
Df = 1.3 series of plates. We also note that the Df = 1.5(2) appears to be showing
the highest increase in drag coefficient relative to the square plate, with an overall
increase of ∼ 9%. This figure also suggests that there is a trend within each fractal
dimension with the drag coefficient increasing with increasing iteration except for
the last iteration in both cases. This would mean that the original hypothesis of
increasing the perimeter would increase the drag coefficient for a given frontal area
is, up to a point, correct. Moreover, there is a clear effect of fractal dimension if
we compare the results for the Df = 1.3(2) and the Df = 1.5(1) plates as both have
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Figure 2.8: Drag coefficient for a range of Reynolds numbers for the ` =
128mm square (∎), Df = 1.3(4) (◁), Df = 1.5(1) (▲), Df =
1.5(2) (▶) and Df = 1.5(3) (▼) plates, taken in 3x3 tunnel
the same perimeter but a different drag coefficient, with the drag coefficient of the
Df = 1.5(1) being ∼ 6% higher. A similar result can also be seen for the Df = 1.3(4)
and the Df = 1.5(2), where the difference is ∼5%.
It is also clear that there are some discrepancies between the data sets, which
is most likely due to the set-up for the 3x3 tunnel experiment where the sensor
was effectively suspended in the middle of the tunnel. Although it is likely that
there would be some inaccuracies due to this method, we do see from figure 2.9
that the drag coefficients from the previous experiment fall within the error bars of
the current experiment, where the error bars are the standard deviations of drag
coefficient during the data acquisition period.
It is fair to ask wether the sensor is capable of resolving the difference in the
smaller loads of the ` = 128mm plates. The resolution of the sensor is known to be
1/160N and it is found that at the lowest Reynolds number the difference in the
drag force between the square and the lowest drag of the fractal plates are similar to
the resolution of the sensor, whilst at the highest Reynolds number, the difference
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Figure 2.9: Drag coefficient CD for the ` = 128mm plates at Re` = 122,500
for the square (∎), Df = 1.3 series of plates (◆) and the Df = 1.5
plates (★) taken in 3x3 tunnel. Also included is the data taken
in the DC tunnel for larger fractal plates with ` = 256mm and a
Re` = 320,000 using the (ATI Sensor | iml Sensor) for the square
(◻ | ∎), Df = 1.3 series of plates (◇ | ◆) and the Df = 1.5 plates
(☆ | ★)
between the Df = 1.5 series of plates and the square plate is, at worst, 29 times
larger than the resolution of the ATI sensor. An attempt was made to obtain drag
coefficients for the smaller series of plates (` = 64mm) however it was found that
the forces exerted by the plates themselves were very low (roughly 0.3N) and that
we could not adequately resolve the difference in the forces, hence those results
are not shown here. Despite the possible difficulties in accurately measuring the
drag coefficient at the lower Reynolds numbers, the fact that there is a consistent
difference in the Df = 1.5 plates across all Reynolds numbers in figure 2.8 reassures
the belief that this difference is a real physical result and not down to experimental
error.
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The data for the ` = 128mm plates do suggest that the plates with a higher
fractal dimension produce a higher amount drag compared to the square plate,
however from figure 2.9, the only data point which is of concern is the last iteration
of the Df = 1.5 series of plates, which shows a significantly higher CD value to
previous measurements. Upon closer inspection of the plate, it was found that the
3D printer was not able to print the small segments on the plate to a satisfactory
finish and that the support material was not fully removed meaning that it was in
fact blocking the internal cutouts of the pattern. As a result, it is believed that the
larger drag coefficient observed here is due to a larger force created from a larger
effective frontal area of the plate and the plate is no longer used during this study,
although it is believed that it ought to be studied in the future to explain the possible
drop in the drag coefficient observed in figure 2.9.
For the Df = 1.5(4) and Df = 1.3(5) plates, both of which are the last iteration
of their respective fractal dimension, there is a sudden drop in the drag coefficient,
see figure 2.9. For these plates, we find that the length for each segment at that
iteration (ln in table 2.1) is considerably smaller than the thickness of the plate i.e.
t/ln >> 1, unlike all the other fractal plates tried here. It is still not clear why there
is a drop in the drag coefficient, however this may prove an interesting topic for
future studies.
2.5 A theoretical argument to explain the change
in drag coefficient
Consider a plate moving with constant speed U∞ in a viscous fluid that is sta-
tionary at infinity. The work required to move the plate against the drag D =<
∫plate−surface dS(−n ⋅ up + νω × n ⋅ u) >, has to balance the dissipation rate of the
kinetic energy of the fluid, ∫ ρ(x)dV , where the volume integral is over all fluid-
space (assumed infinite), the brackets < ⋅ ⋅ ⋅ > represent a time average and (x) is the
time-averaged kinetic energy dissipation rate per unit mass, i.e. (x) = ∑3i=1∑3j=1 ν <(∂ui/∂xj)2 >. In other words, if energy is being used to move the plate through the
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fluid, it has to be dissipated somewhere. Note that in this balance, we have neglected
a surface integral term representing energy dissipation rate by surface friction, as
skin friction drag is negligible for blunt objects such as plates normal to the flow.
Hence we see that:
DU∞ = ∫ ρ(x)dV (2.6)
The vast majority of the kinetic energy dissipation resides inside the turbulent
wake, specifically very close to the wake generator, and the volume of this wake,
Vwake, can therefore be used to define an average dissipation by:
Vwake¯ = ∫ (x)dV (2.7)
where the integral is over the volume of the wake. The dissipation rate coefficient
is defined as:
¯ = C¯U3∞/` (2.8)
where ` is a characteristic length of the object that is creating the wake, defined as
` = √A here. By combining equations 2.6 and 2.7 we then note that:
DU∞ = ρVwake¯ (2.9)
hence:
DU∞ = ρVwakeC¯U3∞
`
D
U2∞ = ρVwakeC¯`
1
2
CDρ`
2 = ρVwakeC¯
`
CD = CVC¯ (2.10)
where the wake volume coefficient is defined as CV = Vwake/2A1.5 with A being the
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frontal area of the plate and the characteristic length ` being defined as
√
A. A
similar relationship can be found for a planar wake, where equation 2.10 becomes
CD = CAC¯, with CA = Awake/A.
It is now apparent with (2.10) that the drag of a blunt object can be controlled by
either changing the dissipation in the wake, or by keeping the dissipation constant
but somehow changing the size of the wake or most likely a combination of the
two. This also poses the question whether the volume of the wake can be changed
without changing the area of the plate. The results in the following three chapters
may suggest that it is possible to achieve this, thus manipulating the drag, by
introducing a range of length-scales on the edge of the plate without changing the
area.
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Chapter 3
Turbulent wake properties of fractal
plates
3.1 Introduction
In the previous chapter, a theoretical argument was presented as a framework where
to couch a possible explanation for the change in the drag coefficient of bluff bodies
whereby the drag coefficient is a product of the volume of the wake and the average
rate of turbulent dissipation within the wake. One of these values, the drag coeffi-
cient, was measured directly with the use of a six axis load cell and so our attention
now turns to obtaining measurements which may eventually lead to estimates of the
volume of the wake and how best to approach the measurement of the dissipation
within the wake. In this chapter, we focus on the turbulent properties within the
wake that will hopefully lead to future researchers having a better idea of how best
to measure the dissipation in, and the volume of, the wake.
Compared to the numerous studies that have investigated the turbulent wake
properties of disks, our understanding of the square plate wake is comparatively
sparse. Fail et al. [1957] is one of the few studies to look at any form of wake
characteristics, however even their study focused mainly on the mean flow charac-
teristics. In a similar manner, the vortex shedding and the drag coefficient of square
plates have been well documented in the past, however there is a gap in our knowl-
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edge of how turbulence parameters, such as turbulence intensity, kinetic energy and
Reynolds stresses, vary across the wake. As the square plate is used as our main
comparison case, it was necessary to gain this understanding first and so in order
to proceed, we must first document these properties for both the fractal and square
plates and comment on any differences that arise.
As well as understanding the distribution of turbulence characteristics across
the wake, another key question that needs to be addressed is whether or not an
axisymmetric wake can only be generated, as Pope [2000] puts it in his text book,
by “round bodies”. One of the parameters that controls the rate of spreading of
the wake are the Reynolds stresses < u′iu′j >. Townsend [1956] argues that in a non-
axisymmetric wake, there would be an imbalance of Reynolds stresses with the values
being highest where the wake is at its narrowest owing to the large velocity gradients
that are present. The larger Reynolds stresses would create a faster spreading rate
than in other parts of the wake causing the wake to expand. This would imply
that at some point downstream the wake must reach a state of equilibrium where
the distribution of Reynolds stresses are equal throughout the wake, resulting in
an axisymmetric wake. Hence, it is entirely possible that a non-round body could
create an axisymmetric wake.
3.2 Hot-wire anemometry
Hot-wire measurements were obtained in the wake of the plates using a Dantec
Dynamics 55P51 X-wire. The wires were 5µm diameter, 3mm long Pt-W wire with
a sensing length of 1.25mm and were connected to a 55H24 6mm probe holder. The
spacing between the two wires was 1mm. This set-up is attached to a custom-made
X-wire holder which allows for automated calibration using the local free-stream
velocity measured from a Pitot-static tube in the same y-plane as the probe but
20mm downstream of the probe - see figure 2.5(c). The two-component wire was
driven using a Dantec StreamLine CTA system with inbuilt signal conditioner. The
procedure to calibrate the X-wire is as follows:
1. Pitch the X-wire to a given angle
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2. For this pitch angle, acquire data for a range of velocities
3. Repeat steps 1 and 2 for a range of positive and negative pitch angles, where
zero pitch angle is defined with the probe being parallel to the flow.
4. Use a third order surface polynomial to obtain a calibration for both pitch (α)
and oncoming velocity (U) with voltage.
5. The velocity components are then found using U =Ucos(α) and V =Usin(α),
where the angle and oncoming velocity are obtained from step 4.
To obtain the frequency response of the wires i.e. the time it takes for the system
to respond to a perturbation and hence the upper limit for the sampling frequency,
one would normally carry out a square-wave test and indeed the StreamLine software
offers an in-built program that will calculate the frequency response of the wire using
this method. This test effectively calculates the point where the power between the
square of the voltage signal coming from the wire is half that of the squared voltage
sent to it. This is the widely known -3dB cut-off frequency, f−3dBcut−off .
Freymuth [1977] raised a possible issue with the use of a square-wave test and the
-3dB cut-off to calculate the frequency response, one of which was that the gain of
the amplifier would change the value of f−3dBcut−off . It has been argued by Valente and
Vassilicos [2011a,b], that for turbulence measurements it may be better to choose
the point where the wire just begins to attenuate and where the drop off is closer
to ≈ ± 0.2dB, f 0dBcut−off . Hence, an in-house white noise test, developed by Valente
[2013], was implemented to obtain the frequency response of the hot-wires, which
involved sending a white noise signal to the hot-wire and then collecting the data.
The cut-off frequency is calculated by finding the point where the response of the
wire dropped below ≈ 0.2dB, as shown in figure 3.1(a) where the response of both
wires is roughly 15kHz. It should be noted that the sampling frequency was set at
125kHz for this test and that a low-pass filter was set at 100kHz, the highest setting
on the Streamline and effectively akin to not having a low-pass filter as there is no
‘off’ option. To demonstrate the effect low-pass filters have on the response of the
wire, the white-noise test was repeated except this time the low pass filter was set
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Figure 3.1: (a) The response of the CTA to a white noise perturbation for
both wires. (b) The effect of decreasing the low-pass filter on
the frequency response of the wire from (solid line)100kHz to
(#) 30kHz and ( ) 10kHz
at 30kHz and 10kHz, as shown in figure 3.1(b). Here we see that with the low-pass
filter set at 30kHz, there is no effect on the frequency response of the wire but when
it is decreased to 10kHz, there is a noticeable drop in the frequency response. It is
because of this drop in response that the low-pass filter on the StreamLine was set
to 30kHz. This particular figure also clearly illustrates the expected characteristic of
the response whereby at the lower frequencies there is almost no difference between
the input and output signal but as the frequency increases, the gain of the signal
goes as f 2 before dropping off at the higher frequencies. The straight line in 3.1(b)
is the fit to the data in the region where the gain is proportional to square of the
frequency i.e. V 2out/V 2in = 10nf 2, where the value n is used to normalise the data in
figure 3.1(a).
Aliasing is a problem which arises from the discretisation of a continuous signal.
Given a certain sampling rate, the Nyquist frequency (equal to half the sampling
frequency) is the highest frequency which can be uniquely defined. Any fluctuations
in the continuous signal characterised by frequencies above the Nyquist frequency
will be “folded back" so that the energy of these high frequency fluctuations will be
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added to frequencies lower than the Nyquist frequency (also sometimes referred to as
folding frequency) in our digitisation. More specifically, the digitised signal’s energy
content at frequencies smaller than the Nyquist frequency will be contaminated
by energy from frequencies higher than the Nyquist frequency and will therefore
not accurately represent the original continuous signal’s energy spectrum at these
frequencies.
One can remedy the aliasing problem by low-pass filtering the original input
signal and then sampling that low-pass filtered signal at double the low-pass filter
frequency used. This way any higher excited frequencies are removed from the
outset. Alternatively, one can attempt to use, if possible and practical, such a very
high sampling rate that there is virtually no energy in very high excited frequencies.
During the experiments, the probe was traversed in 15mm intervals, covering a
distance of 390mm from the centre-line. Data was sampled using a 16-bit National
Instruments NI-6229 (USB) data acquisition card, at a rate of 20kHz for 30 seconds,
which was sufficient to obtain converged statistics of the mean and fluctuating ve-
locity for both components. For the smaller plates with ` = 64mm at the two closest
distances x/` = 5 and 10, the X-wire was traversed in 10mm steps up to a distance
of 260mm from the centre-line as these particular wake widths were considerably
smaller and more data points were required to get good spatial resolution.
Owing to the small velocity deficits that one often experiences downstream of a
wake generator, small temperature variations in the tunnel can cause a drift in the
calibration of the wires leading to problems in accurately obtaining mean velocity
profiles, but is less of a problem for the turbulent profiles - see Johansson and
George [2006a]. In an attempt to combat this, calibration of the X-wire took place
after every third run, which corresponded to a calibration roughly every 90 minutes,
although care was taken that during each of these runs the temperature in the tunnel
remained within the temperature range of the calibration, which varied no more than
0.3○C during calibration. If the temperature drifted by more than 0.1○C during the
data acquisition, the data was discarded and the calibration repeated. Calibrations
were done by removing the plate from the small aluminium mount and moving the
X-wire to a position where it was known that the free stream was laminar, thus
57
CHAPTER 3. TURBULENT WAKE PROPERTIES OF FRACTAL PLATES
avoiding any errors associated with calibrating a wire in a turbulent flow.
Because of the possible problems in obtaining accurate mean velocity readings,
the mean velocity was not used to find the centre of the wake, instead measurements
of the cross-flow Reynolds stress, < u′xu′r >, where u′x is the fluctuating part of the
streamwise velocity component and u′r is the fluctuating part of the radial velocity
component, and the brackets < ... > indicate an average over time, were used to find
the point where < u′xu′r >≈ 0. The reason for using polar co-ordinates for the velocity
components instead of the normal cartesian coordinates is because measurements
were taken for the three polar angles in the wake, which corresponded to rotating
the plate on the mount, hence the “v” component from the X-wire would actually be
recording the radial velocity and the “u” component would measure the streamwise
velocity.
3.3 Rotational symmetry of wake statistics
The need for the wake to be axisymmetric will be vital for the next chapter where the
similarity and scaling of axisymmetric wakes shall be considered, but it is also useful
to know if all azimuthal angles have to be considered to get a full understanding of
the wake properties or if a single radial slice through the wake is sufficient. Hence we
begin with verifying if the wakes of all the plates are axisymmetric and if not, at what
point they become so. Figure 3.2 shows the normalised velocity deficit for the square,
Df = 1.3(4) and Df = 1.5(2) plates for three polar angles at three downstream
locations and a few observations can already be made. Firstly, the expected result
of the velocity deficit decreasing and the wake widening as it evolves downstream for
all plates is observed. Secondly, there is evidence that the flow exhibits an element
of symmetry for the three polar angles, with the strongest evidence coming from
the results shown at x = 10 and 20` as the different data sets appear to fall on
top of each other. Finally, there is a clear effect of fractal dimension. Both the Df
= 1.3(4) and Df = 1.5(2) plates have the same perimeter yet there are clear signs
of a larger velocity deficit at all downstream locations and polar angles for the Df
= 1.5(2) plate, indicating that increasing the fractal dimension results in a larger
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Figure 3.2: Normalised velocity deficit, U∞−UU∞ , for three plates at three
downstream locations for all three polar angles where #−φ = 0○,◻ − φ = 30○ ▷− φ = 60○
velocity deficit. It should be noted that all plates, not only the three in figure 3.2,
showed a good collapse of normalised velocity deficit for x≥10` for all three polar
angles.
Obviously if these figures were re-scaled to the largest velocity deficit for each
plate, at each location, we would begin to see more clearly the differences between
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Figure 3.3: Normalised Reynolds stresses,
<u′iu′j>
U2∞ , for three plates at three
downstream locations for all three polar angles where #−φ = 0○,◻ − φ = 30○ ▷ − φ = 60○. Black symbols represent <u′xu′r>U2∞ , red
symbols represent <u′xu′x>U2∞ and blue symbols represent <u′ru′r>U2∞
each set of measurements. To ascertain more quantitatively the rotational symmetry
of our wake statistics we consider the mean coefficient of variance of several wake
parameters such as the wake width δ∗2 = ∫ r0 1u0 (U∞ −U) rdr where the centre-line
velocity deficit is u0 = U∞ − U(x,0,0) and which shall be discussed in the next
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PPPPPPPPPPlate
S(r,ϕ)
δ∗ θ UU∞ <u′2x >0.5U∞ <u′2r >0.5U∞ <u′xu′r>U2∞
Square 1.07 1.31 0.27 (0.57) 1.38 (2.83) 1.65 (3.66) 5.76 (13.10)
1.3(1) 2.98 6.69 0.41 (0.65) 1.18 (2.19) 1.06 (2.79) 5.41 (9.90)
1.3(2) 1.65 3.07 0.31 (0.68) 1.86 (8.01) 1.58 (6.92) 5.67 (25.67)
1.3(3) 1.42 1.22 0.37 (0.58) 1.59 (3.41) 1.07 (2.49) 7.22 (21.42)
1.3(4) 0.82 1.51 0.24 (0.43) 1.39 (3.62) 1.32 (2.84) 6.80 (26.25)
1.3(5) 0.96 1.45 0.35 (0.95) 1.38 (3.18) 1.17 (3.38) 4.84 (10.49)
1.5(1) 1.63 1.49 0.36 (0.55) 1.48 (4.27) 1.63 (4.24) 3.51 (8.40)
1.5(2) 2.81 1.40 0.36 (0.91) 1.74 (5.69) 1.35 (4.26) 7.02 (28.17)
1.5(3) 2.32 0.85 0.45 (1.03) 1.87 (4.03) 1.63 (3.19) 5.80 (13.88)
Table 3.1: Coefficient of variance of wake width δ∗, momentum thickness
θ, mean flow, two kinetic energy components and the Reynolds
stress at x = 10` for the ` = 128mm plates. Bracketed values show
the maximum coefficient of variance across all radial distances,
i.e. cmaxv =max[S′(r)S(r) × 100]. Here Nϕ = 3 and Nr = 27
chapter. Note that upper case letters denote the time averaged mean of the velocity,
whilst lower cases denote the instantaneous velocity and those with primes denote
the fluctuating velocity such that, for example the stream-wise velocity, ux = U +u′x.
The coefficient of variance cv is calculated by finding the standard deviation of a
particular data set S(r,ϕ) that is a function of both radial distance and azimuthal
angle i.e. S ′(r) = √ 1Nϕ ∑Nϕϕ=1 [S(r,ϕ) − S(r)]2, where S(r) = 1Nϕ ∑Nϕϕ=1 S(r,ϕ) is the
mean of the data, and then finding the mean across radial distance of the ratio
between the standard deviation and mean, as shown in equation 3.1, noting that we
multiply this by 100 to get a percentage i.e.
cv = 1
Nr
Nr∑
r=1
S ′(r)S(r) × 100 (3.1)
In table 3.1 the coefficient of variance, cv of various wake parameters for the
` = 128mm plates at a downstream distance of x = 10` is shown. The mean velocity
profiles show excellent levels of axisymmetry, with the maximum coefficient of vari-
ance being ≤ 1%, where the maximum value is found across all radial positions (see
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PPPPPPPPPPlate
S(r,ϕ)
x/` δ∗ θ UU∞ <u′2x >0.5U∞ <u′2r >0.5U∞ <u′xu′r>U2∞
Disk 10 1.57 4.38 0.38 (0.53) 1.47 (2.38) 1.26 (2.29) 4.63 (8.31)
1.5(2) 10 1.44 2.60 0.47 (0.66) 1.88 (4.59) 1.56 (3.72) 4.55 (9.55)
1.5(2) 20 3.13 3.41 0.27 (0.45) 1.57 (5.62) 1.65 (3.25) 4.19 (8.42)
1.5(2) 30 2.24 2.13 0.16 (0.33) 1.37 (3.32) 1.10 (2.85) 4.11 (6.98)
Table 3.2: Same as table 3.1 except with data taken for more angles ϕ for
the Df = 1.5(2) plate. Here Nϕ = 7 and Nr = 27
definition in caption of table 3.1). Both the wake width and the momentum thick-
ness are calculated from these values, which show satisfactory levels of axisymmetry
except perhaps for the Df = 1.3(1) plate, which has an extreme value of 6.69%
for the momentum thickness. As we start to move to the higher order statistics,
we note that the error gradually starts to increase, with the maximum error found
for the Reynolds shear stress. Despite the higher extreme values for the Reynolds
shear stress, these results do indicate that the wake of all the plates are acceptably
axisymmetric.
To be certain of axisymmetry however, a more comprehensive set of measure-
ments was taken for the Df = 1.5(2) plate, taking measurements at downstream
distances of x = 10`,20` and 30` and azimuthal angles of ϕ = 0○ to ϕ = 90○ in 15○
increments. This was achieved by creating a new plate which could be rotated at
these increments on the mounting plate. In figure 3.4, the normalised velocity profile
of the wake from the disk and the Df = 1.5(2) is shown for the increased number
of azimuthal angles where we can note that, at least visually, there is little differ-
ence in terms of the shape of the wake at x = 10` for the disk and the Df = 1.5(2)
fractal plate - see figures 3.4(a) and 3.4(b). We also note a larger velocity deficit for
the Df = 1.5(2) plate compared to the disk. As we move downstream i.e. figures
3.4(c) and 3.4(d), the wake spreads, the velocity deficit decreases and the wake of
the Df = 1.5(2) still appears to be approximately axisymmetric. If we look at figure
3.5 which shows the normalised Reynolds stress profiles, we still note that this wake
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Figure 3.4: Normalised mean velocity profile U/U∞ for the disk and the
Df = 1.5(2) at various downstream locations
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Figure 3.5: Normalised Reynolds stress profile < u′xu′r > /U2∞ for the disk
and the Df = 1.5(2) at various downstream locations
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appears to be no more or less axisymmetric than that of the disk.
As before, it is the coefficient of variance of various wake parameters that will
truly show the variation in the data; this is shown in table 3.2. At a distance of
x = 10` downstream of the plate we note that there is no clear difference between the
disk and the Df = 1.5(2) plate. Both the disk and the fractal plate show very little
azimuthal variation in the mean profile at x = 10` and this value improves slightly
with increasing downstream distance for the fractal plate. All in all, the very small
amounts of variation in the calculated and measured values for the fractal plate
and the disk indicate that the wake may indeed be considered as approximately
axisymmetric from x = 10` onwards and that there is, at most, no more than 5%
average variation in the values of the various wake parameters, with most of the
parameters showing on average a much smaller variation than that. Hence from
now on, a single set of measurements is taken at each downstream location and we
assume that the wake is axisymmetric as of x = 10`.
3.4 Centreline decay of turbulent flow properties
To better understand the evolution of the turbulent statistics of the wake, the smaller
plates (` = 64mm) were used which allowed measurements up to x = 50` distances
downstream of the plate. Data were collected at a freestream velocity of U∞ =
10ms−1, as at this velocity there was better control of the temperature in the wind
tunnel and from figure 2.8 we note that at a Reynolds number of Re` = 41,000 the
plates used here were still in a region where the drag coefficient is independent of
Reynolds number.
To begin with, the normalised Reynolds shear stress < u′xu′r > at r/` = 0 i.e.
at the centre-line, is analysed in figure 3.6(d) where we note that this value is
approximately zero for all plates and for all downstream locations, although there
appears to be an issue with the Df = 1.5(2) plate at x = 5` (▶).
From figure 3.3 in the previous section, we already note the general distribu-
tion of the Reynolds stresses across the wake of all our plates, where the peak in
transverse fluctuating velocity is found along the centre-line and an offset peak for
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the streamwise fluctuating velocity. The general impression from these figures is
that there is a point, some distance downstream of the plates, where the turbu-
lence intensities from the fractal plates become larger than from the square plate,
hence in figure 3.6 we show the variation of the streamwise turbulence intensity -< u′2x >0.5 /U∞ - the transverse turbulence intensity - < u′2r >0.5 /U∞ - the normalised
turbulent kinetic energy - K = (< u′2x > + < u′2r >)/2U2∞ - and the Reynolds shear
stress < u′xu′r > /U2∞. Figures 3.6(a) to 3.6(c) all show that there is an effect of fractal
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Figure 3.6: Centre-line decay of turbulence parameters for the (∎) - square
plate, (◁) - Df = 1.3(4), (▲) - Df = 1.5(1), (▶) - Df = 1.5(2),
(▼) - Df = 1.5(3)
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Figure 3.7: Centre-line decay of turbulence kinetic energy for the (∎) -
square plate, (◁) - Df = 1.3(4), (▲) - Df = 1.5(1), (▶) - Df =
1.5(2), (▼) - Df = 1.5(3). Inset shows values for the Df = 1.5
plates further downstream, showing the effect of fractal itera-
tion.
dimension and iteration with the streamwise and transverse turbulence intensities,
as well as the turbulent kinetic energy, all increasing with Df and n far downstream
of the plates (i.e. x/` ≥ 20).
This effect is easier to see when the results of the turbulent kinetic energy are
plotted on a log-log scale, as can be seen in figure 3.7, where the inset shows more
clearly the effect of fractal dimension and iteration farther downstream. This figure
indicates that there is a power-law for the decay of the centre-line kinetic energy,
however, without knowing the virtual origin x0, it is not possible to determine the
exponents accurately. The scaling of various parameters, such as the centreline
velocity deficit and wake width, shall be covered in more detail in chapter 4 which,
along with the decay of the kinetic energy, must all have the same virtual origin.
Nevertheless, it does show that there is clear point downstream of the plates where
the kinetic energy of the fractal plates go from being lower than the non-fractal
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plates, to higher.
3.5 Off-centreline decay of turbulent flow properties
As well as the variation in turbulence properties along the centreline, we also present
in figure 3.8, the downstream variation of the maximum streamwise turbulence inten-
sity, turbulent kinetic energy and Reynolds shear stress, noting that the maximum
transverse turbulence intensity is found at the centreline - see figure 3.3. A small
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Figure 3.8: Decay of maximum values of turbulence parameters for the (∎)
- square plate, (◁) - Df = 1.3(4), (▲) - Df = 1.5(1), (▶) - Df
= 1.5(2), (▼) - Df = 1.5(3)
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Figure 3.9: Comparison of turbulent kinetic energy for five consecutive ra-
dial positions i.e. 0mm ≤ r ≤ 40mm in 10mm increments for
x ≤ 10` and 0mm ≤ r ≤ 60mm in 15mm increments for x > 10`
(▼,▼,▼,▼,▼) of the Df = 1.5(3) plate from the centre-line,
compared to the square plate at the centre-line (∎)
increase in turbulence intensity is observed in figure 3.8(a) compared to the centre-
line data, however we still find that the fractal plates initially have lower levels of
turbulence intensity compared to the square plate, and that farther downstream the
opposite is observed. The same pattern is observed for the turbulent kinetic energy
although what is perhaps slightly more surprising is that there is no such pattern in
the maximum Reynolds shear stress, as seen in figure 3.8(c). In fact the difference in
the peak Reynolds shear stresses are so small that they could be deemed negligible.
Taking measurements through an axisymmetric wake comes with some inherent
experimental difficulties, chief amongst which is locating the centre of the wake,
an issue that increases as the size of the wake generator becomes smaller. In this
chapter, it has been shown that the turbulent kinetic energy of the fractal plates
are initially lower closer to the plate and then higher further away compared to the
square and the disk along the centre-line. One may argue that these findings may
simply be down to an error in the location of the centre of the wake, and if the
X-wire was moved slightly then we may in fact see that there is no difference. It
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Figure 3.10: Percentage difference in turbulent kinetic energy across the
whole wake for (◁) - Df = 1.3(4), (▲) - Df = 1.5(1), (▶) -
Df = 1.5(2), (▼) - Df = 1.5(3) plates compared to the square
plate
can be argued that this is unlikely to be the case as the likely error in the position
of the centre of the wake is smaller than the spatial resolution of the measurements.
To verify this, we compare the first five radial measurements from the initially
assumed centre-line position of the Df = 1.5(3) plate (0mm ≤ r ≤ 40mm for x ≤ 10`
and 0mm ≤ r ≤ 60mm for x > 10`), to the measurements at the initially assumed
centre-line position of the square plate, as shown in figure 3.9(a). We now find that
this change in the turbulent kinetic energy of the Df = 1.5(3) plate compared to the
square is true for all five of the radial positions and all downstream locations, with
the difference shown more clearly in figure 3.9(b).
Finally, in figure 3.10 we show the percentage change in turbulent kinetic energy
across the whole wake for the fractal plates compared to the square plate, where we
take the integral of the kinetic energy across the wake for each downstream position
and find the same result as before in that there is a crossing point. This particular
figure is perhaps the more convincing of them all as it considers the turbulent kinetic
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Figure 3.11: Centreline large scale isotropy for (∎) - square plate, (◁) - Df
= 1.3(4), (▲) - Df = 1.5(1), (▶) - Df = 1.5(2), (▼) - Df =
1.5(3)
energy across the whole wake. The results from figure 3.10 also show that there is
a clear effect of fractal dimension, with the Df = 1.5 plates having higher levels of
turbulent kinetic energy downstream to the Df = 1.3(4) plate, and that there is
even a slight increase with fractal iteration n.
3.6 Isotropy
To complete the documentation of the turbulent properties of the wakes, we turn our
attention to the large scale isotropy. A fairly common indication of the large scale
isotropy is taken by considering the ratio between the streamwise and transverse
fluctuating velocities < u′2x >1/2/< u′2r >1/2. However, it is the small scale isotropy of
the flow that is vital when one considers the turbulent dissipation rate , where one
of the common assumptions made for a turbulent shear flow is that at high enough
Reynolds numbers, the flow is locally isotropic and hence the dissipation rate can
be calculated from a single velocity derivative, mainly:
 = 15ν(∂u
∂x
)2 (3.2)
This assumption was used by Uberoi and Freymuth [1970] to calculate the tur-
bulent dissipation rate across the wake of a sphere as part of their study of the entire
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Figure 3.12: Radial variation of isotropy for (a) Square Plate, (b) Df =
1.3(4) plate and (c) Df = 1.5(2) plate for four downstream
locations
turbulent kinetic energy balance in an axisymmetric wake. A recent study by Rind
and Castro [2012] shows qualitatively similar results to that of Uberoi and Freymuth
[1970] using the same assumption, however their data required a correction factor of
1.04 to balance out the equations. Compared to a planar wake - see Browne et al.
[1987] and Mi and Antonia [2010] for example - the issue of small-scale isotropy is
not that well documented for an axisymmetric wake, with Schenck and Jovanović
[2002] being one of the few studies that have investigated it.
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For the large-scale isotropy, we observe in figure 3.11 that in the region 5` ≤ x ≤
30`, the fractal plates have a better level of isotropy on the centre-line, with the
maximum level of anisotropy being 10% compared to the 25% for the square plate.
After about x = 30`, all plates show comparatively smaller levels of anisotropy of
about 4%. In figure 3.12 we again plot the large scale isotropy, but this time across
the wake and we note that the isotropy improves as we move downstream of the
plate, which was also found by Schenck and Jovanović [2002]. Note that the scaling
of the radial distance is the characteristic length, although it should be noted that
these collapse very well with the wake width, as shown in figure 3.13.
As mentioned earlier, if we truly want to tackle the issue of the energy dissipation
and indeed the energy balance in the wake, we must first understand the small scale
isotropy and local axisymmetry. It was not possible to get satisfactory information
about these properties with the current experimental set-up, in fact there are very
few studies that have investigated either of these two features of a axisymmetric
wake. One such study was done by Schenck and Jovanović [2002] who investigated
the wake of a sphere at a single downstream location in the self-similar region (x =
75D, where D is the diameter of the sphere), and found that the wake exhibited
good levels of local isotropy and even better levels of local axisymmetry.
If we assume that the local axisymmetry and isotropy improve as the wake
develops downstream, then this implies that to get an accurate measure of the
dissipation ( = 2ν < sij >< sij >) closer to the plate, we would need to obtain as
many of the 12 velocity gradients as possible across the entire wake. Hence no
conclusion is made about the dissipation in the wake for the time being.
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Figure 3.13: Same as figure 3.12, with the radial distance now normalised
with the wake integral width - see chapter 4 for values
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Chapter 4
Similarity and scaling of
axisymmetric turbulent wakes
4.1 Introduction
We have seen in the previous chapter that obtaining an accurate measure for the
dissipation is not as simple as assuming that the dissipation is  = 15ν(∂u/∂x)2 and
that in fact we would require as many of the 12 velocity gradients as possible to get
it, which would explain why only a handful of studies have attempted to measure
it. However a value for the average dissipation rate in the wake was only one of the
two terms that we are interested in and so now we turn our attention to the volume
of the wake.
The downstream evolution of axisymmetric wakes generated by a variety of wake
generators, such as disks (Carmody [1964], George [1989, 2012], Johansson et al.
[2003], Johansson and George [2006a,b], Redford et al. [2012]), spheres (Uberoi and
Freymuth [1970], Bevilaqua and Lykoudis [1978]) and bodies of revolution (Jimenez
et al. [2010]) have been studied extensively over the past 50 years.
One of the key issues raised is whether or not the wake is influenced in some way
by initial conditions. From Townsend’s similarity arguments (Townsend [1956]),
even though the local structure of the wake is determined by events some point
upstream, it is constantly being changed by local interactions. This would imply
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that the wake does not care how these structures were produced in the first place
and that self-similarity depends on the dynamics that occur within the wake, hence
all wake generators should have the same self-similar profiles if the same net force
is applied by them on the fluid.
The validity of this assumption was investigated by Bevilaqua and Lykoudis
[1978] who compared the wake behind a sphere and porous disk, both of which
had the same drag and hence momentum thickness, except the porous disk had
no vortex shedding and no re-circulating region. They found that these two wake
generators had very different similarity profiles and that similarity was obtained at
different distances downstream of the wake generator, with the wake of the sphere
becoming self-similar before the porous disk. What they effectively showed was
that the similarity of wake parameters does not depend on the drag alone, but that
the structure of the eddies in the flow must also be considered. Cannon [1991]
and Cannon et al. [1993] found that the large scale structures diminished as they
increased the porosity of their disk (which they refer to as screens) whilst maintaining
the momentum thickness θ, defined in equation 4.1 where U∞ is the freestream
velocity, U is the local mean velocity and r is the radial distance through the wake.
For the 2D planar wake, clear evidence of the effect of initial conditions on the
streamwise evolution of the velocity deficit and the wake width was observed by
Wygnanski et al. [1986] who investigated the wakes behind a wing, flat plate, screen
and cylinder. However, they nevertheless found that the normalised mean velocity
profile was not affected by initial conditions.
θ2 = ∫ r
0
U
U∞ (1 − UU∞) rdr (4.1)
George and co-workers (George [1989, 2012], Johansson and George [2006a,b],
Johansson et al. [2003]), have extensively investigated the issue of initial condi-
tions and the possibility of a second self-similar solution that depends on the local
Reynolds number and would only appear far downstream where viscous effects were
no longer negligible. These works also looked at the far wake i.e. at very far distances
downstream from the body and found that the wake still appeared to be affected by
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initial conditions. More recently, Redford et al. [2012] carried out a direct numer-
ical simulation (DNS) study to investigate the universality of the time-developing
wake and found some conflicting results to the simulations of Gourlay et al. [2001].
Redford et al. [2012] suggested, just as Bevilaqua and Lykoudis [1978] did but with-
out data far enough downstream to show it, that at some large time (as this was a
time-varying wake), it is possible for a self-similar wake to tend towards a universal
solution. It should be noted that the spatial equivalent region where Redford et al.
[2012] noted this universal behaviour is a considerable distance downstream of the
body, effectively outside the limits of even the longest wind tunnel. For example if
the disk was 2.5cm, universality would be obtained 100m downstream of it.
We now know from the previous chapter that the wakes of all the plates used
here are also approximately axisymmetric at x ≥ 10` and thus we can consider using
similarity theory to obtain a measure for the width of the wake, w. We can expect
the volume of the wake and CV to be increasing functions of the wake width w.
Hence we might be able to infer that CV is greater or smaller when w is greater or
smaller and use this information in conjunction with equation 2.10 to derive some
improved, though limited, understanding of CD.
4.2 Similarity of the mean flow
Similarity theory states that if the velocity deficit in the wake is normalised by
a certain value, then the similarity variable f(η), defined in equation 4.2, will be
the same for all streamwise positions in the wake, where η is the normalised radial
distance in the wake i.e. η = r/w, r is the radial distance and w is a transverse
length-scale parameter. The normalising variable for the velocity, u0 in equation
4.2, is the centre-line velocity deficit, i.e. u0 = U∞ −U(x,0,0), so that f(0) = 1.
U∞ −U = u0f(η) (4.2)
At least two choices exist for the transverse length-scale parameter. The first is
the wake half width, l0, which is defined as the distance from the centre of the wake
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Figure 4.1: Velocity deficit profile for downstream locations (◻)−10`; (◁)−
20`; (▽) − 30`; (×) − 40`; (◇) − 50`
where the velocity deficit reaches half the peak deficit value, U∞ − ucl ≡ U(x, l0, φ) =
1
2u0, which in an axisymmetric wake should be constant for all polar angles φ - see
figure 2.5 for nomenclature. This is the classical option for the transverse length
scale. The second is an integral scale, δ∗, which is defined in equation 4.3. From
this we see that two main issues arise in obtaining accurate measurements for the
scaling parameters, one being locating the centre of the wake and the second that
there is an accurate measure of the freestream velocity.
δ∗2 = ∫ ∞
0
1
u0
(U∞ −U) rdr (4.3)
Taking experimental measurements of axisymmetric wakes is no easy feat and
one of the biggest problems lies in accurately obtaining the centre of the wake,
in which the slightest of deviations about the absolute centre of the wake would
produce some scatter in the results. Based on the axisymmetry measurements and
by investigating the Reynolds stress at the centre-line in the previous chapter, where
the X-wire was moved to obtain < u′xu′r >≈ 0, it is believed that the centre of the
wake was determined to an acceptable level of uncertainty.
The second issue lies with having a clear freestream region after the wake ends.
From figure 4.1 it is clear that even at the farthest distance from the plate at x = 50`,
the freestream velocity can be defined for all three plates shown, although the same
was observed for all plates. An interesting observation that can already be made
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from figure 4.1 is that there appears to be little difference between the square and
disk, however this shall be investigated in more detail below.
If we compare the maximum velocity deficit, we find that at the centre of the
wake the deficit for the square plate and the disk at x = 10` are 10.03% and 10.15%
of U∞ respectively whilst at x = 50` they have dropped down to 2.33% of U∞ for
both plates. Interestingly, these are fairly close to the values that Johansson and
George [2006a] found for their disk, where at 10D (11.28`) their value is 9.5% and at
50D (56.42`) their value is 2.2%. Note the different downstream scaling parameter
used between these two studies, where instead of the diameter of the disk, we use the
characteristic length `. The Df = 1.5(3) plate on the other hand had a maximum
velocity deficit of 17.33% at x = 10` and 3.94% at x = 50`, considerably larger than
the square and disk, but which did make the acquisition of the data less susceptible
to any form of drift in the anemometer.
Figure 4.1 also shows signs of some scatter towards the centre of the wake char-
acterised by a broader peak, especially for the disk and square. This scatter was
initially thought to be due to a convergence issue as the data was sampled for 30
seconds and even though the graphs appeared to show converged values, the rela-
tively small difference between the data points towards the centre of the wake could
would not be easily seen. Hence a set of data was acquired where the acquisition
time was doubled and there was no discernible difference between the two results,
meaning that these small difference were simply a by-product of trying to measure
very small velocity differences. The same issue has been reported in several other
studies including Johansson and George [2006a] and Rind and Castro [2012].
4.2.1 Wake half width, l0, as the transverse length-scale
As already mentioned from the literature, two choices exist that one can use for the
transverse length-scale, the wake half width l0 and the integral width δ∗. We shall
consider both of these in our initial analysis of the mean flow, beginning with the
wake half width.
In figures 4.2 and 4.3 the mean velocity profiles in similarity co-ordinates for
79
CHAPTER 4. SIMILARITY AND SCALING OF AXISYMMETRIC
TURBULENT WAKES
0 1 2 30
0.2
0.4
0.6
0.8
1
η
′ = r/l0
f
(η
′
)
=
(U
∞
−
U
)/
u
0
(a) Square
0 1 2 30
0.2
0.4
0.6
0.8
1
η
′ = r/l0
f
(η
′
)
=
(U
∞
−
U
)/
u
0
(b) Df = 1.3(1)
0 1 2 30
0.2
0.4
0.6
0.8
1
η
′ = r/l0
f
(η
′
)
=
(U
∞
−
U
)/
u
0
(c) Df = 1.3(2)
0 1 2 30
0.2
0.4
0.6
0.8
1
η
′ = r/l0
f
(η
′
)
=
(U
∞
−
U
)/
u
0
(d) Df = 1.3(3)
0 1 2 30
0.2
0.4
0.6
0.8
1
η
′ = r/l0
f
(η
′
)
=
(U
∞
−
U
)/
u
0
(e) Df = 1.3(4)
0 1 2 30
0.2
0.4
0.6
0.8
1
η
′ = r/l0
f
(η
′
)
=
(U
∞
−
U
)/
u
0
(f) Df = 1.3(5)
0 1 2 30
0.2
0.4
0.6
0.8
1
η
′ = r/l0
f
(η
′
)
=
(U
∞
−
U
)/
u
0
(g) Df = 1.5(1)
0 1 2 30
0.2
0.4
0.6
0.8
1
η
′ = r/l0
f
(η
′
)
=
(U
∞
−
U
)/
u
0
(h) Df = 1.5(2)
0 1 2 30
0.2
0.4
0.6
0.8
1
η
′ = r/l0
f
(η
′
)
=
(U
∞
−
U
)/
u
0
(i) Df = 1.5(3)
Figure 4.2: Mean velocity profile in similarity co-ordinates for all ` =
128mm plates. (#)−5`; (◻)−10`; (▷)−15`; (◁)−20`; (△)−25`.
Solid line is fit from equation 4.4, see table 4.2 for values for a
and b
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Figure 4.3: Mean velocity profile in similarity co-ordinates for all ` = 64mm
plates. (#) − 5`; (◻) − 10`; (▷) − 15`; (◁) − 20`; (△) − 25`;
(▽) − 30`; (+) − 35`; (×) − 40`; (⋆) − 45`; (◇) − 50`. Solid line is
fit from equation 4.4, see table 4.2 for values for a and b
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the large (` = 128mm) and small plates (` = 64mm) is shown. Immediately from
figure 4.2 it is clear that all of our fractal plates, as well as the square plate, show
a good collapse for all downstream locations sampled. There are also signs, visually
at least, that a difference between the mean self-similar profiles may exist, especially
for the Df = 1.5 family of plates. Both Bevilaqua and Lykoudis [1978] and Cannon
[1991] observed and commented on an apparent difference in the shapes of their
wake profile, with the porous disks having a much sharper profile towards the centre
and a shallower slope towards the tail. A similar change in the shape of the profile
for the smaller plates is seen in figure 4.3, which now includes data for the disk and
is used as a reference point for the axisymmetric wake.
The studies by Bevilaqua and Lykoudis [1978] and Cannon [1991] did not, how-
ever, present any sort of fit to their data in order to examine the effect that changing
the wake generator has on the profile of the wake. Following previous studies, (Jo-
hansson and George [2006a], Jimenez et al. [2010], Wygnanski et al. [1986]) a fit if
the type shown in equation 4.4 is used to study the wake profile, which should hold
for both transverse length-scale parameters. It should be noted that exponentials of
varying power law orders have been used in the past, as well as a cosine fit, and so
a summary of these fits is shown in table 4.1.
f(η) = exp(−aη2 − bη4) (4.4)
The coefficients a and b in equation 4.4 were obtained using a least square fit
(‘LSQCURVEFIT’ routine in MATLABTM), the values of which can be found in
table 4.2. Apart for the results for the Df = 1.3(1) plate for which there appears to
be some scatter towards the centre of the wake giving it a flatter peak∗, a general
pattern does seem to be emerging for both sizes of plates, where there is a clear
increase in a and decrease in b as the fractal dimension increases. It also appears
that there may be some minor effect of fractal iteration on the values of a and b,
with a increasing slightly with iteration for the Df = 1.3 plates and b decreasing.
∗It was decided not to try and modify the code that obtained the coefficients so that a direct
comparison can be carried out for each plate where the coefficients were obtained in the same way.
This particular figure does, however, highlight the sensitivity of the coefficients to the data at the
centre of the wake.
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The opposite is observed for the Df = 1.5 plates. All these changes could in fact be
explained by the difference in the drag coefficient and hence momentum thickness
of the plates, especially for the Df = 1.3 plates where there is a steady increase in
the drag coefficient for the first four iterations and then a sudden drop for the final
iteration- see figure 2.9.
From Townsend’s similarity argument, the self-similar state of a wake depends
only on the downstream distance x and the momentum thickness θ of the flow,
meaning that if we plot the transverse length scale and streamwise distance against
each other, and normalise them both with the momentum thickness, all the data
should fall onto a single curve. From figure 4.4(a) it is clear that this is not the
case and that there is a clear difference between the Df = 1.5 series of plates and
the square, disk and Df = 1.3(4) plate. Hence we now find that there is an effect
of initial conditions on the spreading of the wakes, similar to the one discussed by
Wygnanski et al. [1986].
4.2.2 Integral width, δ∗, as the transverse length-scale
One of the biggest drawbacks from using the wake half-width is that there is an a
priori assumption that the shape of the wake is the same for all wake generators,
which would mean that one could use a distance based on any fraction of the centre
line velocity deficit to collapse the data. Secondly it is a value based on only two
points in the wake and effectively ignores the rest, meaning that the wake profile
can have any number of shapes between the centre-line and the half-width, and yet
still satisfy the condition that ∫ ∞0 f(η)ηdη = 1†. A more appropriate length-scale
would therefore be one that takes into account all of the values in the wake, such as
the integral width δ∗, as defined in equation 4.3.
The data is therefore re-plotted and scaled using the integral width as the trans-
verse length-scale, as shown in figure 4.5, where there is just as good a collapse with
this length-scale as there was with the wake half width. Note how there again ap-
†It is important to stress that η is the general transverse scaling of the wake, whilst η′ = r/l0
is the scaling using the wake half-width and η∗ = r/δ∗ is using the integral width. The condition
that ∫ ∞0 f(η)ηdη = 1 should hold regardless of the choice of η.
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` = 128mm ` = 64mm
Plate a b a b
Disk - - 0.308 0.401
Square 0.190 0.521 0.203 0.486
1.3(1) 0.012 0.709 - -
1.3(2) 0.192 0.513 - -
1.3(3) 0.199 0.508 - -
1.3(4) 0.217 0.492 0.267 0.428
1.3(5) 0.200 0.506 - -
1.5(1) 0.489 0.227 0.470 0.218
1.5(2) 0.473 0.247 0.409 0.274
1.5(3) 0.474 0.250 0.505 0.189
Table 4.2: Coefficients for the exponential fit of equation 4.4 for both sets
of plates, using the wake half width l0 as the scaling parameter.
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Figure 4.4: Growth rate of axisymmetric wake normalised by the momen-
tum thickness. (●) - disk, (∎) - square, (◁) - Df=1.3(4), (▲) -
Df = 1.5(1), (▸) - Df = 1.5(2), (▼) - Df = 1.5(3)
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Figure 4.5: Mean velocity profile using the integral width δ∗, for all ` =
64mm plates. (#)−5`; (◻)−10`; (▷)−15`; (◁)−20`; (△)−25`;
(▽) − 30`; (+) − 35`; (×) − 40`; (⋆) − 45`; (◇) − 50`. Solid line is
fit from equation 4.4, see table 4.2 for values for a and b
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` = 128mm ` = 64mm
Plate a b a b
Circle - - 0.166 0.116
Square 0.101 0.148 0.110 0.142
1.3(1) 0.047 0.194 - -
1.3(2) 0.102 0.147 - -
1.3(3) 0.106 0.146 - -
1.3(4) 0.114 0.142 0.147 0.126
1.3(5) 0.104 0.146 - -
1.5(1) 0.273 0.074 0.275 0.074
1.5(2) 0.261 0.079 0.235 0.089
1.5(3) 0.297 0.065 0.260 0.079
Table 4.3: Coefficients for the exponential fit of equation 4.4 for both sets
of plates, using the integral width δ∗ as the scaling parameter.
pears to be a difference in the shape of the mean self-similar profile for the different
wake generators, evident from the coefficients in table 4.3, where good agreement is
found for the values of the coefficients for both sized plates. If, as before, the in-
tegral width is normalised with the momentum thickness, two distinct lines appear
in figure 4.4(b), showing clearly the importance that initial conditions have on the
wake.
To emphasise the difference in the shape of the mean self-similar profile, the fits
to equation 4.4 using the values of a and b from table 4.3 for the ` = 64mm plates
are plotted for the disk and the Df = 1.5(3) in figure 4.6. Compared to the disk, the
profile for the fractal plate has a narrower peak and a broader base which is similar
to the findings of Cannon [1991] where the profile of the porous disk was also found
to be narrower at the peak and broader at the base compared to the disk.
What these results have shown is that for a given fractal dimension, there is
no apparent change in wake profile as the iteration changes. From the momentum
thickness, which is in table 2.1, we can see that there is a negligible change in drag
(since drag ∼ θ2) for the Df = 1.5 family of plates and even for the larger plates,
we noted in chapter 2 that there appeared to be little change in drag between the
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Figure 4.6: Comparison of mean wake profile in similarity coordinates for
disk ( - - - ) and Df= 1.5(3) plate (solid line) using the integral
width as the normalising length-scale and parameters from table
4.3
larger plates for both fractal dimensions. Hence it might be that the shape of the
mean profile is a function of the drag coefficient i.e f(η,CD), meaning that even the
mean self-similar profile is dependent upon initial conditions.
4.3 Reynolds stress similarity
In Townsend’s original analysis (Tennekes and Lumley [1972], Townsend [1956]), it
was assumed that all turbulent quantities scaled to some order of u0, where for the
Reynolds stresses this would be u20. George [1989] made no such assumption and
after taking into consideration the mean flow and turbulent kinetic energy equation,
just as Townsend [1956] did, it is possible to arrive to a scaling for the Reynolds
shear stress as shown in equation 4.6. Later it was shown by Johansson et al. [2003]
that as well as the total kinetic energy scaling to u20, each individual component of
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Figure 4.7: Streamwise Reynolds stress profiles in similarity co-ordinates
using Rs = u0U∞(dδ∗/dx), for all ` = 64mm plates. (#) − 5`;
(◻) − 10`; (▷) − 15`; (◁) − 20`; (△) − 25`; (▽) − 30`; (+) − 35`;
(×) − 40`; (⋆) − 45`; (◇) − 50`.
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Figure 4.8: Radial Reynolds stress profiles in similarity co-ordinates using
Rs = u0U∞(dδ∗/dx), for all ` = 64mm plates. (#)−5`; (◻)−10`;
(▷) − 15`; (◁) − 20`; (△) − 25`; (▽) − 30`; (+) − 35`; (×) − 40`;
(⋆) − 45`; (◇) − 50`.
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Figure 4.9: Reynolds shear stress profiles in similarity co-ordinates using
Rs = u0U∞(dδ∗/dx), for all ` = 64mm plates. (#)−5`; (◻)−10`;
(▷) − 15`; (◁) − 20`; (△) − 25`; (▽) − 30`; (+) − 35`; (×) − 40`;
(⋆) − 45`; (◇) − 50`.
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Figure 4.10: Streamwise Reynolds stress profiles in similarity co-ordinates
using classical scaling of u20 for all ` = 64mm plates. (#) − 5`;
(◻)− 10`; (▷)− 15`; (◁)− 20`; (△)− 25`; (▽)− 30`; (+)− 35`;
(×) − 40`; (⋆) − 45`; (◇) − 50`.
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Figure 4.11: Radial Reynolds stress profiles in similarity co-ordinates using
classical scaling of u20 for all ` = 64mm plates. (#) − 5`; (◻) −
10`; (▷)−15`; (◁)−20`; (△)−25`; (▽)−30`; (+)−35`; (×)−40`;
(⋆) − 45`; (◇) − 50`.
93
CHAPTER 4. SIMILARITY AND SCALING OF AXISYMMETRIC
TURBULENT WAKES
0 1 2 30
0.2
0.4
0.6
0.8
1
η∗ = r/δ∗
<
u
′ x
u
′ r
>
/
u
2 0
(a) Disk
0 1 2 30
0.2
0.4
0.6
0.8
1
η∗ = r/δ∗
<
u
′ x
u
′ r
>
/
u
2 0
(b) Square
0 1 2 30
0.2
0.4
0.6
0.8
1
η∗ = r/δ∗
<
u
′ x
u
′ r
>
/
u
2 0
(c) Df = 1.3(4)
0 1 2 30
0.2
0.4
0.6
0.8
1
η∗ = r/δ∗
<
u
′ x
u
′ r
>
/
u
2 0
(d) Df = 1.5(1)
0 1 2 30
0.2
0.4
0.6
0.8
1
η∗ = r/δ∗
<
u
′ x
u
′ r
>
/
u
2 0
(e) Df = 1.5(2)
0 1 2 30
0.2
0.4
0.6
0.8
1
η∗ = r/δ∗
<
u
′ x
u
′ r
>
/
u
2 0
(f) Df = 1.5(3)
Figure 4.12: Reynolds shear stress profiles in similarity co-ordinates using
classical scaling of u20, for all ` = 64mm plates. (#)− 5`; (◻)−
10`; (▷)−15`; (◁)−20`; (△)−25`; (▽)−30`; (+)−35`; (×)−40`;
(⋆) − 45`; (◇) − 50`.
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the kinetic energy i.e. the Reynolds normal stresses, should also scale with u20. Both
types of scaling shall be considered in this section.
< u′xu′r >= Rsg(η∗) (4.5)
Rs = u0U∞dδ∗
dx
(4.6)
To begin with, we first scale the Reynolds stress profiles using equation 4.6 as
shown in figures 4.7, 4.8 and 4.9. Although it is possible to obtain the value of
Rs directly from the measurements by using a finite difference method for dδ∗/dx,
the values obtained to collapse the data in figures 4.7, 4.8 and 4.9 were done so
in a different manner. Since the growth of δ∗ can be expressed as a power law -
see equation 4.8 in the following section - it is possible to obtain the gradient by
differentiating this equation and using the obtained values of B, x0 and β, all of
which is explained in the following section. Hence Rs is calculated in this manner,
using the values from table 4.5.
Remarkably, the plots appear to show a very good collapse of the data and
that similarity is achieved almost as quickly as the mean flow. There are also
indications that the fractal plates achieve similarity of the radial Reynolds stress
sooner compared to the streamwise stresses, whilst the opposite is observed for the
non-fractal plates.
Note how the collapse of the data is noticeably better using equation 4.6 for all
Reynolds stresses. This was expected to be the case for the Reynolds shear stress as
pointed out by George [1989], but both George [1989] and Townsend [1956] showed
that the normal stresses should collapse with u20. One could argue that there is
some collapse using u20 further downstream in figures 4.10, 4.11 and 4.12, but the
collapse using equation 4.6 appears to be better for all downstream distances except
at x = 5`. The reason for this is still unclear and is obviously something that needs
to be addressed in the future.
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4.4 Growth and decay rate of u0 and δ∗
From the above discussion and analysis, we note that the wake half width l0 and the
integral width δ∗ are effectively interchangeable as they both produce a good collapse
for the mean profile, however since the integral width is a more encompassing mea-
sure, this value is used from now on for the transverse length scale. Having looked
at the similarity of higher order statistics, such as the Reynolds stresses, we must
now consider how the centre-line velocity and wake width scale with downstream
distance.
Both the over constrained theories in Townsend [1956] and Tennekes and Lumley
[1972], and the theory of George [1989] lead to a wake integral width (δ∗) and a
centreline velocity deficit (u0 = U∞ − U(x,0,0)) which vary according to the power
law relations shown in equations 4.7 and 4.8. Note that the normalising parameter
is the momentum thickness in these equations.
u0
U∞ = A(x − x0θ )α (4.7)
δ∗
θ
= B (x − x0
θ
)β (4.8)
The value x0 in these equations is a virtual origin (which must be the same
for both equations) and the theory in Townsend [1956] and Tennekes and Lumley
[1972]), but also in George [1989], gives α = −2/3 and β = 1/3. As well as not
assuming that the scaling for the Reynolds shear stress and the mean flow should be
the same, George [1989] also made an alternative assumption on the scaling of the
turbulent kinetic energy dissipation ε where if he assumed it scaled to the classical
high Reynolds number solution of Ds ∼ u30/δ∗ (as Townsend [1956] did), one would
get α = −2/3 and β = 1/3. But George [1989] also proposed an alternative scaling
expected to hold further downstream where the Reynolds number would be low
enough and for which there was a viscous dependence, namely Ds ∼ (νu20)/δ∗2 which
gave α = −1 and β = 1/2. One of the striking observations from Cannon [1991]
was that there appeared to be two possible fits to the data for a solid and porous
disk based on the method in which the virtual origin was defined - often a problem
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for power law fits for a variety of turbulent flows including homogenous, isotropic
turbulence where initial conditions are also an issue (Lavoie et al. [2007], Valente
and Vassilicos [2011a,c]). Cannon [1991] found that if the virtual origin was set to
zero, then the values of the exponents were closer to α = −1 and β = 1/2, which
he referred to as a bias towards viscous diffusion, whereas a bias towards turbulent
diffusion gave exponents that were closer to α = −2/3 and β = 1/3. The author
concluded by stating that “attempts to estimate x0 in an unbiased manner have so
far been unsuccessful.”
4.4.1 Coefficients, virtual origin and exponents to the power
law relations
The issue therefore becomes how to obtain the exponents to the power law equations
4.7 and 4.8, without making an a priori assumption on how these values should scale.
Several possibilities offer themselves as listed below:
1. Method I : Fix the virtual origin to be zero so that it coincides with the wake
generator for both the velocity deficit and the wake width, and then find the
coefficients and exponents using a linear fit to the logarithm of equations 4.7
and 4.8.
2. Method II : Assume there is no prior knowledge of the wake and use a nonlinear
least-squares regression algorithm (‘LSQCURVEFIT’ routine in MATLABTM)
to try and find the coefficients, exponents and virtual origin from equations
4.7 and 4.8 simultaneously.
3. Method III : Re-arrange equations 4.7 and 4.8 and differentiate twice such that:
d2
dx∗2 ( u0U∞)1/α = 0 (4.9)
d2
dx∗2 (δ∗θ )1/β = 0 (4.10)
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where x∗ = x/θ. Using a finite difference method, vary the values of α and β
until the conditions 4.9 and 4.10 are met. Using these values for the exponents
and integrating equations 4.9 and 4.10, one is then able to obtain the constants
A and B from equations 4.11 and 4.12.
d
dx∗ ( u0U∞)1/α = A1/α (4.11)
d
dx∗ (δ∗θ )1/β = B1/β (4.12)
Apart from Method I, each of these methods is likely to produce a different
value of x0 for the velocity deficit and wake width, which is not allowed as the
virtual origin must be the same for both; but there are still certain pitfalls that
would cause errors in the calculation of the coefficient, virtual origin and exponent,
chief amongst these being insufficient data points for Method III which relies on
a finite difference method. The validation of Methods II and III was performed
by taking the data from Johansson and George [2006a] where both methods gave
exponents close to α = −2/3 and β = 1/3.
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Figure 4.13: Growth of integral wake width δ∗ using (a) Method I, (b)
Method II and (c) Method III where ( ) - disk, (∎) - square,
(◁) - Df=1.3(4), (▲) - Df = 1.5(1), (▶) - Df = 1.5(2), (▼) -
Df = 1.5(3)
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Figure 4.14: Decay of centre-line velocity deficit using (a) Method I, (b)
Method II and (c) Method III where ( ) - disk, (∎) - square,
(◁) - Df=1.3(4), (▲) - Df = 1.5(1), (▶) - Df = 1.5(2), (▼) -
Df = 1.5(3)
In figures 4.13 and 4.14, the fit for the decay of the centreline velocity deficit and
the growth of the wake using the methods listed above is shown, where it appears
that each method has produced a satisfactory fit to the available data. However,
upon closer inspection of the fits, it is clear that there are some differences for the
virtual origin and the predicted growth of the wake, in particular the rapid predicted
growth for the Df = 1.5 plates as seen in figure 4.13(b) and 4.13(c). A perhaps more
robust analysis of these methods come from looking at the values of the coefficient,
virtual origin and exponent, as is shown in table 4.4. Interestingly, the second and
third method suggest that the wake of the fractal plates will grow as δ∗ ∼ x1/2 and
the centreline velocity will decay as u0 ∼ x−1, whereas for the disk and the square
plate, the rate is tending more towards the expected high Reynolds number solution
of δ∗ ∼ x1/3, and u0 ∼ x−2/3. Note also that Method II does not retrieve the same x0
for both equation 4.7 and 4.8, whereas Method III does to a good approximation.
4.4.2 High or low Reynolds number turbulence
As it stands, the results thus far suggest that the wake for the non-fractal plates
i.e. the disk and the square, scale differently to the fractal plates, but is there
anything that could explain these higher than expected exponents? Around a similar
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Plate A x0A/θ α B x0B/θ β
Method I Disk 1.72 0 -0.83 0.76 0 0.42
Square 1.43 0 -0.80 0.84 0 0.40
1.3(4) 1.95 0 -0.84 0.72 0 0.42
1.5(1) 2.93 0 -0.86 0.58 0 0.43
1.5(2) 2.84 0 -0.86 0.59 0 0.43
1.5(3) 2.92 0 -0.85 0.59 0 0.43
Method II Disk 3.80 -11.10 -0.98 1.01 8.70 0.36
Square 0.54 15.27 -0.61 1.20 11.78 0.33
1.3(4) 2.79 -4.85 -0.91 0.76 1.65 0.41
1.5(1) 21.53 -28.31 -1.22 0.34 -15.76 0.53
1.5(2) 8.15 -14.77 -1.06 0.42 -9.69 0.49
1.5(3) 12.70 -20.44 -1.12 0.49 -5.16 0.46
Method III Disk 0.78 -12.78 -0.68 1.14 -12.88 0.34
Square 0.47 -20.23 -0.59 1.46 -20.34 0.29
1.3(4) 5.99 19.55 -1.05 0.41 19.36 0.52
1.5(1) 7.67 13.65 -1.03 0.36 13.56 0.52
1.5(2) 6.53 12.13 -1.01 0.39 11.96 0.51
1.5(3) 3.61 2.62 -0.89 0.53 2.53 0.44
Table 4.4: Coefficients, virtual origin and exponents for equations 4.7 and
4.8 using the four proposed methods
time to when Cannon was working on his thesis, George [1989] had postulated the
possibility of two asymptotic solutions for the decay of u0 and the growth of δ∗. It
was, as George [2012] puts it, “not until many years later, hindsight being 20:20,
that the answer became obvious” as to how two possible solutions could exist for
the axisymmetric wake. In the work by Johansson et al. [2003] and Johansson and
George [2006a] a possible reason for the two scalings was presented.
They argued that there are in fact two scalings which depend on the local
Reynolds number Re0 = (u0δ∗)/ν. When this local Reynolds number is high one
would expect to see the classical scaling of u0 ∼ x−2/3 and δ∗ ∼ x1/3, whereas when
the local Reynolds number was low, then one would find the second type of scaling
where u0 ∼ x−1 and δ∗ ∼ x1/2. Johansson et al. [2003] go further by suggesting possi-
100
4.4. GROWTH AND DECAY RATE OF U0 AND δ∗
ble limits for such solutions based on two key factors, the effect of viscous terms and
the need for the maximum normalised turbulence intensity < u′2xmax >1/2 /u0 to be
constant - note the same could be said for the kinetic energy. The latter criterion was
obtained empirically from the experiments by Johansson and George [2006a], where
they found that < u′2xmax >∼ u20 for regions x ≈ 120θ, below which the wake was still
considered to be developing. In a similar fashion, they used the data from Uberoi
and Freymuth [1970] to determine the lower limit for the local Reynolds number
by investigating the spectra and found that for Re0 ≤ 500 the flow was dominated
by viscous effects as there appeared to be no k−5/3 in their spectra. The same was
also seen in the DNS data of Gourlay et al. [2001] where a clear scaling of u0 ∼ x−1
and δ∗ ∼ x1/2 was observed when the Reynolds number was low enough, however in
a more recent DNS study by Redford et al. [2012], they found that the exponents
didn’t change from α = −2/3 and β = 1/3 extremely far downstream, even though
there was no inertial sub-range in the spectra.
Following the suggestions from George and co-workers, some ‘self-checks’ of the
data are performed, the first one being that momentum is indeed conserved. This
is shown to be true in figure 4.15, but only for data where x ≥ 10` which is a similar
limit found by Johansson and George [2006a] and where we note that the wake
is not yet fully axisymmetric and is still developing. The next step would be to
obviously check the local Reynolds number of the fractal plates, which is shown in
figure 4.16 and would be the first step to knowing wether or not we have a high or
low local Reynolds number solution. Amazingly, we see from figure 4.16, that the
local Reynolds number of the fractal plates is well above the empirical Re0 = 500
limit set by Johansson et al. [2003], and that the local Reynolds number is almost
40% larger for the Df = 1.5(3) plate at x = 5` compared to the disk. But what
about the spectra?
In figure 4.17 the spectra for both velocity components is shown at a downstream
distance of x = 5` and 50` for all the plates where there appears to be a reasonably
well defined power-law region spanning up to two decades, indicating that there is
a clear inertial-like sub-range. Note also that the dashed lines in figure 4.17 are at
a downstream distance of x = 50` and there are clear signs that the signal-to-noise
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Figure 4.15: Conservation of momentum for all ` = 64mm plates on (a)
linear axes and (b) logarithmic axes. Note that the data to the
right of the dashed line is for the closest measurement station
to the plate where x = 5` and the wake is not yet axisymmetric.
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Figure 4.17: Energy spectra at the centre line of the wake for (a) ux velocity
component and (b) ur velocity component. Solid lines are all
plates at x = 5`, dashed line are all plates at x = 50`.
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ratio of the hot-wires has reduced at the higher frequencies and that there may be
some contamination to the data. Finally it is worth noting that in figure 4.17(a)
there are no signs of any vortex shedding which is an indication that the centre of
the wake has indeed been located, whereas we do notice a dominant peak in the
radial velocity component even at x = 50`, showing that these large-scale structures
really do persist for a considerable distance.
Thus far, all the checks proposed by Johansson et al. [2003] indicate that the
wake of the fractal plates can not be anything else apart from a high local Reynolds
number wake, leaving only one remaining question. From their data, Johansson
et al. [2003] stated that similarity is achieved when K1/2max/u0 ≈ 1, however it is also
possible for there to be other equilibrium states, where the ratio Kmax/u20 settles
to any positive constant value. From figure 4.18 we can see that the fractal plates
are tending towards a lower constant value than the square and disk, so there is
a possibility that we are tending towards a different similarity state. In fact, it
appears that the wakes have settled to a constant value earlier than the empirical
x/θ ≈ 120 suggested by Johansson et al. [2003], which is most likely due to the spatial
resolution of the data on which it was based. Note there is no fundamental reason
why Kmax/u20 must have one constant value or another, except that this value must
be constant and positive.
After all of these checks, we are still at a loss as to why the scalings of the fractal
plates are the way they are i.e. that α = −1/2 and β = 1. The local Reynolds number
is higher compared to the disk and the square, there is a well defined power law
spectra but the exponents α and β are not following the classical high Reynolds
number scaling. One glimmer of hope comes from the fact that the fractal plates
may be entering a separate similarity state, and so the only option left is to return
to basics and examine how the scaling laws for axisymmetric wakes are obtained,
following the method of George [1989] as it is the one with the least assumptions.
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4.5 General forms of the similarity solution for tur-
bulent axisymmetric wakes
To obtain self-similar solutions for axisymmetric wakes, we must first consider the
mean momentum and turbulent kinetic energy equations 4.13 and 4.14, where A, P ,T and ε are the advection, production, transport and dissipation of the turbulent
kinetic energy respectively, while q, ρ and p are the turbulent kinetic energy, density
and fluctuating pressure of the fluid respectively.
U∞ ∂
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r
∂
∂r
r < u′xu′r > (4.13)
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Note that the viscous term is neglected in equation 4.13 as we are concentrating
on high Reynolds number turbulence. We seek similarity solutions of the forms
shown in equation 4.15, where η = r/w and where the similarity solutions should be
the same for both w = l0 and w = δ∗.
U∞ −U = u0(x)f(η)
− < u′xu′r >= Rs(x)g(η)
1
2
< q2 >=Ks(x)k(η)
−1
2
< q2u′r > +< pu′r >ρ = Ts(x)τ(η)
ε =Ds(x)d(η) (4.15)
In his original work examining the self-similarity of turbulent shear flows, Townsend
[1956] made the assumption that the scaling for the Reynolds stresses should be the
same as that for the mean flow, in other words that Rs = u20. George [1989] on the
other hand made no such assumption and found that all of the following solvability
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conditions have to be met.
Rs
u0U∞ ∼ dδ∗dx ∼ Dsδ∗U∞u20 ∼ TsU∞u20 (4.16)
From equation 4.16 two things become clear; the scaling for the Reynolds shear
stress is, as suggested by George [1989], Rs ∼ (dδ∗/dx)u0U∞ and that we have five
unknowns and only four equations - with the addition of the momentum constraint
i.e. u0δ∗2 = U∞θ2.
Up until this point, the only assumption that has been made is that the flow is
axisymmetric and that the wake is self-similar/self-preserving (equations 4.15). To
proceed further, George [1989] had to make an assumption as to how the dissipation
scaled in order to close the problem. If the dissipation was assumed to scale as
in equation 4.18 (as Townsend [1956] also assumed) this would, after taking into
consideration the momentum integral constraint shown in equation 4.17, yield the
classical Townsend scalings laws α = −2/3 and β = 1/3 - see Tennekes and Lumley
[1972], Townsend [1956]. George [1989] also used a second dissipation scaling shown
in equation 4.19 which gave values of α = −1 and β = 1/2 and which he referred to
as the low Reynolds number solution owing to the flow being influenced by viscous
effects. The obvious issue that arises from the analysis of the data is that we are
observing values for α and β for our fractal plates that are associated with the low
Reynolds number solution of George [1989], yet after performing all the checks that
were suggested by Johansson et al. [2003], we find that the plates behave as though
they should have the high Reynolds number scaling.
u0δ
∗2 = U∞θ2 (4.17)
Ds ∼ u30
δ∗ (4.18)
Ds ∼ ν u20
δ∗2 (4.19)
The only assumption made in the analysis is for the dissipation which, as Ten-
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nekes and Lumley [1972] put it, is one of the “cornerstone assumptions of turbulence
theory”. This assumption states that at high Reynolds numbers, the dimensionless
dissipation coefficient is constant i.e. C = Const, and so the dissipation scales as
the ratio between the cube of a local velocity to a local length-scale, which for an
axisymmetric wake can be written as Ds ∼ u30δ∗ . This assumption is made for all
turbulent free shear flows, including jets, grid turbulence and wakes. Recently how-
ever there has been a body of work that has shown that there is in fact a Reynolds
number dependence on the dissipation coefficient even at high Reynolds numbers,
based on measurements taken in the lee of space filling fractal square grids as well
as regular grids - see Seoud and Vassilicos [2007], Mazellier and Vassilicos [2008],
Valente and Vassilicos [2011a, 2012], Gomes-Fernandes et al. [2012], Laizet et al.
[2013], Discetti et al. [2013] and Nagata et al. [2013] for more details. These results
suggest that C ∼ RemG/RenL, where ReG = (U∞`)/ν and ReL ≡ Re0 = (u0δ∗)/ν are
global and local Reynolds numbers of the flow respectively whilst m and n are scal-
ing exponents, both close to the number 1. Note that m = n = 0 would give the
classical assumption C = Const.
In most boundary-free turbulent shear flows (plane wakes, mixing layers, jets and
plumes) the local Reynolds number does not decrease with increasing streamwise
distance from the source, the only exception being axisymmetric wakes - Tennekes
and Lumley [1972]. Since the local Reynolds number also decays for grid generated
turbulence, it is hypothesised that there may be a similar dependence on the dissi-
pation for axisymmetric wakes. Extrapolating the findings of the body of work on
grid-turbulence mentioned in the previous paragraph, it is possible to write a more
general form for the scaling of the dissipation in axisymmetric wakes, thus assum-
ing that it scales as Ds ∼ RemGRenL u30δ∗ , which after some manipulation can be reduced to
equation 4.20.
Ds ∼ Re(m−n)G Un∞u(3−n)0δ∗ ( `δ∗)n (4.20)
From equation 4.16 we know that the dissipation must scale with dδ
∗
dx ∼ Dsδ∗u20U∞
which, together with equation 4.17 and equation 4.20 yields general forms for the
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scaling of the wake width and centre-line deficit as shown in equations 4.21 and 4.22.
δ∗
θ
∼ (x − x0
θ
) 13−n Rem−n3−nG ( `θ)
n
3−n
(4.21)
u0
U∞ ∼ (x − x0θ )
−2
3−n
Re
2(n−m)
3−n
G ( `θ)
−2n
3−n
(4.22)
From these equations, we note that α = 2/(3 − n) and that β = 1/(3 − n), thus
satisfying the condition that α = 2β. Note that for the equation to be physically
plausible, n must be strictly smaller than 3. To obtain the classical Townsend
solution, we set m = n = 0. On the other hand if we wish to obtain the low Reynolds
number similarity scaling suggested by George, then n is set to 1 and m to zero.
Under these low Reynolds number conditions, the wake width and the centre-line
deficit scale as:
δ∗
θ
∼ (x − x0
θ
) 12 Re− 12θ (4.23)
u0
U∞ ∼ (x − x0θ )−1Reθ (4.24)
where Reθ = (U∞θ)/ν, which is the same as equations 15 and 16 in Johansson
et al. [2003]. Immediately it becomes apparent from this analysis that there are
numerous other solutions that can give a range of values for α and β depending
on the values of m and n as long as the condition that 3 − n > 0 is satisfied and
that the resulting dissipation scaling is physically possible. Hence the number of
viable solutions decreases as it becomes apparent that if viscosity is to remain in the
dissipation scaling, it must do so in the numerator for it to be physically possible
and so we find that another condition exists where m < n. On the other hand, if we
wish to remove the viscous dependence on the dissipation entirely, then we simple
require both m and n to be equal and thus the actual limiting criteria becomes that
m ≤ n.
One particular case of interest is the case where m = n = 1, which are the ap-
proximate results for the high Reynolds number experiments of Seoud and Vassilicos
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Figure 4.19: Comparison of centre-line deficit and the wake width for the
Df = 1.5(2) − λ = 64mm (▶), Df = 1.5(2) − λ = 128mm (▶).
The (*) indicates the data expected from equations 4.23 and
4.24 when the Reynolds number is doubled
[2007], Mazellier and Vassilicos [2008], Valente and Vassilicos [2011a, 2012], Gomes-
Fernandes et al. [2012], Laizet et al. [2013], Discetti et al. [2013] and Nagata et al.
[2013]. Under these conditions we find that equations 4.21 and 4.22 reduce to those
in equations 4.25 and 4.26, with the dissipation scaling shown in equation 4.27.
δ∗
θ
∼ (x − x0
θ
) 12 ( `
θ
) 12 (4.25)
u0
U∞ ∼ (x − x0θ )−1 ( `θ)−1 (4.26)
Ds ∼ u20
δ∗2 (`U∞) (4.27)
We now see that it is possible to have α = −1 and β = 1/2 without any viscous
dependence on the flow and as such it is possible for these exponents to be achieved
at higher Reynolds numbers, as is the case with the fractal plates here. Note also
the two very important differences between equations 4.23 and 4.24 and equations
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4.25 and 4.26: the former depend on Reθ whereas the latter do not and the latter
depend on (`/θ) whilst the former do not.
As two different sized plates were used at the same free stream velocity, we in fact
have two data sets at different Reynolds numbers which can be used to discriminate
between equations 4.23 and 4.24 and equations 4.25 and 4.26. As we know from
figure 2.8 that there is no change in the drag coefficient at both these Reynolds
numbers for all the plates and so we know that `/θ = Const = fn(Df , n), as there
is some change in the drag coefficient as the iteration increases for the Df = 1.3
plates in figure 2.8. If there are no Reynolds number effects on the scaling of δ∗/θ
and u0/U∞, then the data at both Reynolds numbers should fall on the same curve.
This is clear to see in figure 4.19 where we show, for clarity reasons, the data for
both sizes for the Df = 1.5(2) plate, but the same is observed for all our plates.
Hence what we observe are the scalings of equations 4.25 and 4.26 and not 4.23 and
4.24.
With these new findings, we therefore set the exponents to the two possible high
Reynolds number solutions as suggested by the findings in table 4.4 i.e. α = −2/3
and β = 1/3 for the non-fractal plates (corresponding to the classical dissipation law
shown in equation 4.18) and α = −1 and β = 1/2 for the fractal plates. However, there
is still one remaining issue and that is the choice of the virtual origin, which must
be the same for both the growth rate of the wake and the decay of the centre-line
velocity. After some simple re-arrangement of equations 4.7 and 4.8, we find that for
the virtual origin to be the same then equation 4.28 must hold, but we immediately
notice that there are a large range of values that could satisfy this relation. Even
using a regression algorithm would be problematic and would heavily depend on the
initial estimates for the values, as the algorithm is likely to tend towards values close
to that initial condition. By including conservation of momentum to the problem, as
shown in equation 4.17, we find that equation 4.28 reduces to simply give AB2 = 1,
which is true for any value of m and n.
u0
U∞ = A( δ∗θB)−2 (4.28)
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Plate A x0A/θ α B x0B/θ β
Disk 0.74 -13.84 -0.67 1.17 -13.84 0.33
Square 0.72 -11.47 -0.67 1.18 -11.47 0.33
1.3(4) 4.57 15.06 -1.00 0.47 15.06 0.50
1.5(1) 6.37 10.62 -1.00 0.40 10.62 0.50
1.5(2) 6.04 10.88 -1.00 0.41 10.88 0.50
1.5(3) 6.75 13.07 -1.00 0.38 13.07 0.50
Table 4.5: Coefficients, virtual origin and exponents for equations 4.7 and
4.8 imposing the corresponding exponents and ensuring that the
virtual origin is the same for both scalings
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Figure 4.20: Fits for decay of centre-line velocity deficit and growth of wake
using corrected coefficients, virtual origin and exponents from
table 4.5, where ( ) - disk, (∎) - square, (◁) - Df=1.3(4), (▲)
- Df = 1.5(1), (▶) - Df = 1.5(2), (▼) - Df = 1.5(3)
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Using AB2 = 1, all we need do now is apply a linear regression to equations 4.7
and 4.8. The results of this are given in table 4.5 and shown in figure 4.20, where
we can see that these values provide a good fit to the data. We finally include the
linear plots of the evolution of the centre-line deficit and the wake width with their
corresponding values of α and β where we can see in figures 4.21 and 4.22 that there
is a good agreement. Note that Redford et al. [2012] observe a similar exponent of
α = −1 for u0/U∞ in their DNS of a time-dependent axisymmetric wake, but only
for one of their two wakes and over a range of times which corresponds to x ≈ 52`
here.
4.6 Summary and conclusion
Despite the fact that the wake generators are asymmetric and have irregularities
around the perimeter, they are still able to produce self-similar axisymmetric wakes.
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Figure 4.21: Downstream evolution of u0
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Figure 4.22: Downstream evolution of δ∗
One of the key issues with self-similarity is that of initial conditions and from the
data presented, it is the author’s opinion that they do indeed matter at least for the
streamwise distance range presented here. Indeed in figure 4.4 we see that for both
transverse length-scales, the data fall on two separate curves. If similarity depended
on nothing but momentum thickness, then all plots, regardless of global Reynolds
number, should fall on a single curve. It was also shown that the Reynolds shear
stresses collapse extremely well with the scaling suggested by George [1989] where
Rs = (dδ∗/dx)u0U∞, however the Reynolds normal stresses also appear to collapse
extremely well with this parameter, in contradiction to the self-similar analysis of
both Townsend [1956] and George [1989].
Even though the fractal plates show excellent collapse of the data for first and
second order statistics, the scaling of the wake parameters differ to the non-fractal
plates. It is believed that the fractal plates are in a non-equilibrium region where
the local Reynolds number is high; it is in fact 40% higher than the disk and the
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square. In this non-equilibrium region it is believed that the dissipation coefficient
Cε ≠ Const and is Reynolds number dependent even though the spectra have a
power-law shape with exponents close to -5/3, which would result in a faster rate of
growth of the wake and decay of the centre-line velocity as δ∗ ∼ x1/2 and u0 ∼ x−1.
Measurements of the turbulent kinetic energy balance would obviously have to be
taken in this region to directly obtain the dissipation and check if this is true, but
the results for two different Reynolds numbers suggest that this is the case.
All the evidence presented thus far suggest that both the mean profile and the
Reynolds stress profiles are not universal, contrary to the deductions made by George
[1989] and Johansson et al. [2003], and that initial conditions play a role in deter-
mining the profile. As pointed out in section 4.2.2., the equation ∫ ∞0 f(η)ηdη = 1
has to be satisfied for momentum to be conserved, yet f(η) may be of any form and
still satisfy this condition, hence one may observe any number of mean self-similar
profiles. From George [1989], it can be shown that after reducing and integrating
the momentum equation, one comes to equation 4.29. George [1989] reasoned that
since the same expression appears in the analysis for a planar wake and that the
term on the right hand side is independent of both x and η, and is also a constant,
then so must the terms on the left hand side. However, if we accept that f(η) can
depend on initial conditions based on the arguments above, then so must g12(η) and
hence the constant on the right hand side may also have a dependence on initial
conditions. Note also that since we have both u0 and δ∗ scaling to different expo-
nents for the fractal plates, then the term on the right hand side is also going to be
different. This explains why the profiles for the Reynolds stresses are different in
section 4.3.
− ηf(η)
g12(η) = Rsu0U∞ dδ∗dx −1 (4.29)
Finally, one of the main aims of this chapter was to actually ascertain the volume
of the wake for the plates and for the time being the volume of the wake is calculated
for the ` = 128mm plates using the measured values of δ∗. This is shown in figure
4.23 where a clear pattern can be seen with the volume of the wake (estimated as
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Figure 4.23: Change in volume coefficient and equivalent average rate of
turbulent kinetic energy dissipation for (∎) - square plate, (△)
- Df = 1.3(1), (▷) - Df = 1.3(2), (▽) - Df = 1.3(3), (◁) - Df
= 1.3(4), (◇) - Df = 1.3(5), (▲) - Df = 1.5(1), (▶) - Df =
1.5(2), (▼) - Df = 1.5(3)
CV = pi4`3 ∫ X0 w2dx where X is the furthermost streamwise distance of measurements)
decreasing as both fractal dimension and iteration increase, which, if combined with
the measured drag coefficient values of chapter 2 suggest that Cε is not the same
for all the plates. Note that CV decreases with increasing perimeter even though
β = 1/2 implies a faster wake growth than β = 1/3 because the constant B is smaller
for the fractal wakes and in fact decreases with increasing P /` (see table 4.5). Hence
the fractal plates generate narrower yet faster growing wakes.
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Chapter 5
Large scale, coherent structures in
the wakes of fractal plates
5.1 Presence of large scale structures
To conclude the study on the fractal plates, we turn our attention to the low fre-
quency end of the spectra to investigate the large scale structures in the flow, which
includes the vortex shedding. An initial set of experiments were carried out in the
Honda wind tunnel (which has a working cross-section of 5ft x 10ft (1.52m x 2.14m),
a length of 30ft (6.42m) and a top speed of 40ms−1) using the ` = 256mm plates
mounted in the same way as for the measurements taken in the DC tunnel - see chap-
ter 2 - giving a blockage ratio of 1.41%. Hot-wire measurements were conducted at
a downstream distance of x = 5` and a radial distance of 200mm from the centre of
the plate (which some initial measurements showed to have the largest spectral peak
at x = 5`) for eight, equally spaced, azimuthal angles between 0○ ≤ ϕ ≤ 315○ - see
figure 2.4 for definition of angles). A Dantec Dynamics 55P16 single wire probe was
used onto which a Platinum-Rhodium alloy wire (90-10%) was etched to a diameter
of 5µm. Data were sampled at 1kHz for 120 seconds and the free stream velocity
set to U∞ = 20ms−1.
The presence of large scale structures is investigated by looking at the Fourier
transform of the normalised fluctuating velocity i.e u′/U∞ to produce an energy
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Figure 5.1: Energy spectra averaged over the eight azimuthal angles, multi-
plied by frequency, for nine ` = 256mm plates - see table 2.1 in
chapter 2. Here St = (f`)/U∞ where f is the frequency. Data
taken in the Honda Tunnel
spectra, the average of which for all azimuthal angles is shown in figure 5.1. Although
this may give a slight misrepresentation as we know from chapter 3 that the wake of
these plates is still not axisymmetric at this downstream distance, it is still possible
to make some initial observations. First and foremost, there is indeed a dominant
peak in the spectra suggesting that we do observe vortex shedding. Secondly there
appears to be very little difference in the frequency at which this peak occurs, with
the Strouhal number at which the vortices are shed being St = (f`)/U∞ = 0.11±0.005,
obtained by finding the corresponding frequency of the maximum value of the energy
spectra. The average of the spectra over all angles also indicates that the fractal
plates have a lower peak than the square plate, and that there is an effect of fractal
dimension and iteration, with the Df = 1.5 plates having lower intensities that the
Df = 1.3 plates, and the Df = 1.5(4) plate having the lowest intensity of all the
plates.
From figure 5.1(b) it would appear that the intensity of the vortex shedding for
the Df = 1.5(4) plate is almost 70% lower than the square pate, however, as already
mentioned, these plates do not have an axisymmetric wake at x = 5`, and so we must
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consider the differences for each azimuth if we want to gain a better understanding
of the vortex shedding. By comparing the difference in the spectra for these two
plates at each azimuthal angle, it was found that the maximum difference was 80%
whilst the minimum was roughly 60%. These results would therefore suggest that
the frequency at which the vortices are being shed is the same for all plates when the
characteristic length (` = √A) is used, but that the intensity of the vortex shedding
decreases with increasing fractal dimension and iteration. However, this is based
on data for a single radial and downstream position, as well as for a single velocity
component. It is for this reason that a more comprehensive set of measurements
were taken in the 3x3 tunnel using the same set-up as described in chapters 3 and
4.
In figure 5.2 the energy spectrogram for three of the ` = 64mm plates (see table
2.1 in chapter 2), at all radial positions, four downstream locations and an azimuthal
angle of ϕ = 0○ (see figure 2.4)∗ is shown. In this figure, the frequencies are non-
dimensionalised as Strouhal numbers St = (f`)/U∞. Note that the range of contour
levels is the same for each plate at a given downstream position but that this range
changes with downstream distance. By considering the data at x = 5` for the time
being, we can see some similarities between the data collected in the Honda Wind
Tunnel and the 3x3 Tunnel, these being that the peak intensity from the square
plate is higher than that from the two fractal plates shown in figure 5.2. Note also
that the range of the contour levels are the same as those on the vertical axis in
figure 5.1.
As we investigate the energy spectrogram in figure 5.2 at downstream distances
between x = 5` and 40` with the data from the 3x3 Tunnel, a dominant peak can
be observed that corresponds to a Strouhal number of 0.11 ±0.005, indicated by the
black vertical line in each plot. It should be noted that the same peak was observed
for all plates and that it decreased with increasing downstream distance. Although
the peak in the energy spectra is smaller for the fractal plates at x = 5`, by the time
we reach x = 40` there is no discernible difference between the fractal plates and
∗Note that this is only of consequence for the data at x = 5` as the wake is not fully axisymmetric
here
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Figure 5.2: Contour plots of energy spectra multiplied by the frequency f
for all radial positions. The black line indicates the point where
St = 0.11, with the dashed ones indicating ±0.005. Note that the
ranges of the contour levels are different for each downstream
location
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the square plate. A final observation is that the peak in figure 5.2 moves to higher
values of r/` as x/` increases, as expected.
5.2 Downstream evolution of large scale structures
The presence of large scale structures behind a disk has been studied numerous
times in the past, however of particular interest are the studies by Fuchs et al.
[1979], Berger et al. [1990], Cannon et al. [1993] and Johansson and George [2006b],
all of whom considered the modes in the wake using proper orthogonal decomposi-
tion (POD). In each of these studies, as the measurement range increased so did the
understanding of how the various modes varied as the wake developed. It is gener-
ally accepted that the most energetic mode (m = 1) is associated with the vortex
shedding of the plate, where Johansson and George [2006b] showed that after 30
diameters downstream, the energy of the first mode, which initially attributed 56%
of the total energy of the wake, began to die down whilst the second mode, with an
almost zero frequency, began to dominate.
A similar approach could be used here. If we assume that the most dominant
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r/ℓ
Figure 5.3: Variation of the total E (☀), stream wise E11(▲) and radial
E22(▼) energy component of the large scale structures for the
` = 64mm square plate at x = 5`.
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mode in the wake of these plates is associated with the vortex shedding, then it
should be possible to construct a map of the intensity of this flow feature for all
radial and downstream locations, and study how the intensity corresponding to this
frequency varies. The energy of the large scale structures is calculated by integrating
the energy spectra of both velocity components over a frequency range that covers
twice the vortex shedding frequency fv = (0.11U∞)/`, hence E = E11 + E22 where
E11 = ∫ 2fv0 F11df and E22 = ∫ 2fv0 F22df , and F11 and F22 are the energy spectra of the
fluctuating streamwise and radial velocity components respectively, both normalised
with the freestream velocity U∞. This is a similar method to Rind and Castro [2012],
however instead of investigating one radial position and downstream location, we
want to see how the energy of the large scale structures, comprising of both velocity
components i.e. E, varies in a given spatial domain. The reason we want to consider
both velocity components is that there is a substantial contribution to E from the
vertical velocity component at the centre-line, as can be seen in figure 5.3 for the
square plate, although the same was observed for all the plates. Note that this
integral includes the energy of the vortex shedding as well as the energy of other
large scale structures in the flow. Obtaining an energy for the vortex shedding alone
would require an adequate method of determining suitable frequencies for the limits
of the integral; however as we note from figure 5.2, even though there is a clear peak
in the spectra for all the plates, the fractal plates also spread some of the energy
to frequencies around the vortex shedding frequency. Hence, to avoid any bias, the
limits of the integral are set to be the same for all plates which would therefore mean
that the integral effectively gives the energy of the vortex shedding, plus other large
scale structures.
In figure 5.4 the downstream evolution of E for a few plates is shown. The
difference in intensity between the plates is now clear to see, with the square plate
showing higher levels of intensity compared to the fractal plates. Note that the
range of the contour levels for the two fractal plates is lower than that of the square
plate.
With the data from the 3x3 Tunnel, it is also possible to examine how long it
takes for the energy of the large scale structures to subside to below, say, 5% of their
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Figure 5.4: Downstream evolution of the total energy of the large scale
structures E across all downstream positions and radial posi-
tions. ` = 64mm plates.
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Figure 5.5: Downstream evolution of the total energy of the large scale
structures E, normalised by the maximum value in each sub-
figure, across all downstream and radial positions. Contour lev-
els are at 5%, 10%, 20%, 40% and 80% of peak intensity for
each plate (all ` = 64mm plates).
original value, thus gaining a better idea of how far downstream these large scale
structures persist. This is shown in figure 5.5 where each sub-figure is scaled to the
peak in intensity in that sub-figure and the contour levels are set to 5%, 10%, 20%,
40% and 80% of peak intensity. Although the intensity of the large scale structures
from the square plate is relatively large compared to the fractal plates to begin
with, it quickly dissipates and by x ≈ 25` the intensity of the large scale structures
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is already at 5%. Note that there is very little difference between the results of the
square plate and the disk. Comparing this to the Df = 1.3(4) first, we note that the
intensity of the large scale structures at the centre-line reaches 5% of its peak value
at x ≈ 35`, whilst for the Df = 1.5(3) plate it appears to be reached at x ≈ 40`.
To clearly illustrate the effects these plates have on the large scale structures a
comprehensive measure of the energy of these structures is required. This is achieved
in two phases; firstly by investigating how the energy of these structures, integrated
over all radial points, varies downstream, as shown in equation 5.1, and then by
integrating this value for all downstream distances covered, as shown in equation
5.2, where X1 andX2 are the lower and upper limits of streamwise distances covered.
ξ(x) = 1
` ∫ ∞0 E(r)dr (5.1)
Ξ = 2pi
` ∫ X2X1 ξ(x)dx (5.2)
To get a more complete understanding of how the fractal plates affect the large
scale structures, the ` = 128mm plates are now considered as there are more it-
erations for the Df = 1.3 series of plates than for the ` = 64mm plates (see table
2.1). The reduction in the energy of these structures is shown in figure 5.6(a),
whilst the contribution of the streamwise velocity component is shown in 5.6(b) i.e.
ξ11(x) = (1/`) ∫ ∞0 E11(r)dr. It would appear that as the wake grows, the majority of
the energy comes from the stream wise velocity component and that the contribution
from the radial velocity component decreases with increasing fractal dimension and
iteration. From figure 5.6(a) we see that the energy of the large scale structures is
roughly 25% lower for the Df = 1.5(3) plate compared to the square plate at x = 5`.
Also the energy of these structures decreases with increasing fractal dimension and
iteration when compared with the square plate at x = 5`.
Finally a more global measure of the energy for each plate i.e. Ξ, is shown in
figure 5.7. These figures now clearly show that by increasing both the iteration
and the dimension of the plates, the intensity decreases; for example we can see
that all of the Df = 1.5 series of plates have a lower value of Ξ compared to the
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Df = 1.3 series of plates and that there is, bar the Df = 1.5(2) plate, a consecutive
decrease in Ξ as the iteration increases. Overall, a maximum 15% reduction in the
energy of the large scale structures is observed when comparing the square plate
and the Df = 1.5(3) for the radial and downstream distanced covered. As before,
if we compare the Df = 1.3(2) to the Df = 1.5(1), both of which have the same
perimeter but a different fractal dimension, we can see that there is a reduction in
Ξ for the Df = 1.5(1) with the value decreasing from 1.44 to 1.33. This, combined
with the data for the Df = 1.5(2) and Df = 1.3(4), show that there is a definite
effect of fractal dimension on the intensity of the large scale structures of the flow.
Effectively what these results suggest is that the frequency at which these large
scale structures are shed from the plate are controlled by ` = √A, as the Strouhal
number based on the characteristic length was St = 0.11 ± 0.005 for all the plates
even though the fractal plates have many length-scales on them. Various sources in
the literature have shown the Strouhal number of a disk to be St′ = 0.13, a value
based on the diameter D of the disk and not its characteristic length. Since the
characteristic length is defined as `2 = A, where A = (piD2)/4 and so D = (2`)/√pi
we then see that:
St′ = fD
U∞
St′ = 2f`
U∞√pi
St = St′√pi
2
(5.3)
which when one inserts the value for the disk from literature, finds that the Strouhal
number is again St = 0.11 ± 0.005.
5.3 Discussion and conclusion
By investigating the energy and frequency of the large scale structures in the wake,
some interesting observations can be made, which are summarised below and their
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importance discussed.
● There is no apparent difference in the behaviour of the large scale structures
in the wake of a disk and a square.
● The frequency at which the large scale structures shed is the same for all plates
considered, given that they have the same ` = √A and are subjected to the
same freestream velocity U∞.
● The energy of these structures is influenced by the smaller scales of the plates.
● Amaximum decrease in Ξ of 15% in the spatial area considered here is observed
between the square plate and the Df = 1.5(3).
● For a given downstream and radial distance, the decrease in the energy of the
large scale structures can be as much as 80%
● The energy of the large scale structures decay at a slower rate for the fractal
plates compared to the non-fractal plates.
● The amount of the energy of the large scale structures coming from the stream-
wise fluctuating velocity increases with increasing fractal dimension and iter-
ation.
The lack of any discernible difference of the large scale structures in the wake
of the disk and the square is surprising since one would have expected the corners
of the square plate to be a factor, but this does not appear to be the case at this
Reynolds number and over the spatial extent investigated. Interestingly however,
it appears that the ‘global’ length scale of the plate controls the frequency of the
vortex shedding i.e. ` = √A, whilst the smaller ‘local’ length scales around the
perimeter of the plate appear to have some influence on the energy. By using fractal
patterns it is possible to increase the number of these ‘local’ length scales whilst
keeping the frontal area constant, and hence we find that as both fractal dimension
and iteration increase, the energy of the large scale structure decrease as shown in
figure 5.7. Although the energy is lower for the fractal plates to begin with, as much
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as 80% for a given aximuthal angle at a given downstream and radial distance (figure
5.1), they seem to retain their energy for longer as can be seen in figure 5.5, and the
amount of energy coming from the radial velocity component is noticeably smaller
compared to the stream wise velocity, suggesting that the wake may be more steady.
Understanding how these large scale structures behave is vital in also under-
standing the self-similar properties of the wake. Bevilaqua and Lykoudis [1978]
raised the issue that the development of the self-similar wake may not simply be
down to the momentum deficit of the wake generator but that the eddy structure
might also play some role in determining the similarity characteristics of the axisym-
metric wake. Cannon [1991] took this one step further by varying the solidity (ratio
between solid to open area) of his disks and found a correlation whereby increasing
the solidity of the disk created a wider wake. As well as changing the solidity of the
body, Cannon investigated the effect of actively forcing the large scale structures
in the wake of a bullet shaped object, where it was found that by increasing the
forcing frequency, the wake would become larger. In his conclusion, Cannon states
that there are parallels between the changes observed by changing the solidity and
the forcing frequency.
Nevertheless, both of these studies have been helpful in understanding the results
we present here. Unlike these two studies, we have plates where the frontal area
doesn’t change, we still have a re-circulating region and large scale shedding, yet we
still observe a clear change in the spreading parameter of wake. Therefore although
the observation made by Cannon was correct whereby increasing the solidity of the
wake caused an increase in the wake width, there was no clear link as to why this
was the case, although it was hinted at.
It is now known that as we increase the fractal dimension and iteration of the
plates, the energy of the large scale structures decreases - see figure 5.6(b). Parallels
could be made to a porous plate where the re-circulating region disappears after a
certain threshold - see Castro [1971] for regular array of porous holes and chapter
6 for fractal porosity. As the porosity increases the vortex structure behind the
plate changes, going from a clear vortex shedding mechanism to, as Bevilaqua and
Lykoudis [1978] explain in their study, vortex pair eddies that one would find for a
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Figure 5.8: Relationship between volume of wake and the energy of the large
scale structures Ξ for large plates `= 128mm. (∎) - square, (△) -
Df=1.3(1), (▷) -Df=1.3(2), (▽) -Df=1.3(3), (◁) -Df=1.3(4),
(◇) - Df=1.3(5), (▲) - Df = 1.5(1), (▶) - Df = 1.5(2), (▼) -
Df = 1.5(3)
porous wake without a re-circulating region. Although we do not have any idea of
how large these structures are, we do have a measure of their energy, as calculated
with equation 5.2 and shown in figure 5.6(b). By combining this data with the
volume coefficient calculated in the previous chapter, we can see if there is any
correlation between the two. This is shown in figure 5.8 where there appears to be
a strong correlation. As the fractal dimension and iteration of the plates increases,
both the volume of the wake and the energy of the large scale structures decrease,
with this decrease being 15% for Ξ and 35% for CV when comparing the square
and the Df = 1.5(3). Hence these findings may suggest that the size of the wake is
correlated with the intensity of the large scale structures, however we do not know
if the size of these structures have changed.
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Chapter 6
Aero-acoustic performance of fractal
spoilers∗
6.1 Introduction
One of the major environmental problems facing the aviation industry is that of
aircraft noise. The work presented in this chapter, done as part of the European
Union’s Optimisation for Low Environmental Noise Impact Project (OPENAIR),
looks at reducing spoiler noise while maintaining aerodynamic performance, through
means of large-scale fractal porosity. It is hypothesised that the highly turbulent
flow generated by fractal grids from the way the multiple-length scales are organised
in space, would reduce the impact of the recirculation region and, with it, the low-
frequency noise it generates. In its place, a higher frequency noise is introduced,
which is more susceptible to atmospheric attenuation and is less offensive to the
human ear.
∗Content in this chapter can also be found in Nedić et al. [2012]
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Figure 6.1: Contribution of total aircraft noise at take-off and landing ac-
cording to Owens [1979]
6.2 Literature review and spoiler design
6.2.1 Aircraft and Spoiler Noise
In general, there are two main sources of noise on a typical aircraft; engine (split into
fan intake and exhaust, combustion, turbine and jet noise) and the airframe. Owens
[1979] looked at the contribution from each of these sources to the overall noise of
the aircraft, the results of which can be seen in figure 6.1. From this, the engine is by
far the dominant noise source on the aircraft at take-off, and the airframe noise only
becomes relevant as the aircraft comes into land. It is here that all slats, flaps and
spoilers are deployed to allow for steep approach paths and reduced landing speed,
contributing to about 26% of the total noise of the airborne aircraft. Thereby the
spoilers increase drag and reduce lift.
Over the past several decades, research has looked at understanding, and reduc-
ing, jet noise (Tam [1998], Tam et al. [2006], Karabasov [2010]) and airframe noise
(Dobrzynski and Buchholz [1997], Dobrzynski et al. [2000], Dowell [1975], Manneville
et al. [2006], Sakaliyski et al. [2007]). This study focuses on spoiler noise. A spoiler,
which is deployed to reduce the lift on the aircraft, generates a low frequency noise
due to the large-scale, wall-bound flow that is formed behind it - the re-circulation
bubble. This low frequency noise is less susceptible to atmospheric attenuation and
can travel a lot further than high frequency noise, which means that low frequency
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noise sources are a problem on aircraft as they can affect the environment close to
an airport. Therefore reducing this low frequency noise is a priority for the aviation
industry.
6.2.2 Porous Fences and Spoilers
There have been several studies looking at the effect of blockage ratio σ on two-
dimensional plates, or fences, over the last few decades. The most prominent of
these was by Castro [1971]. Depending on blockage ratio Castro demonstrated
experimentally that two well distinguishable flow regimes exist. For plates with
high blockage ratio, a detached re-circulation bubble is observed. As the blockage
ratio decreases, more bleed air is allowed to pass resulting in the re-circulation region
moving further downstream until at a certain blockage, it disappears all together.
The coefficients of drag for these fences were also obtained from wake and force
balance measurements, which showed a distinct increase in drag coefficient, CD,
as the blockage ratio increased from 70% to 80% - suggesting that at some point
in this range, the bleed air is not allowing the flow to come around to create the
recirculating region.
Similar experiments were later carried out by Ranga Raju et al. [1988], Shiau
[1998] and Lee and Kim [1999] who all studied the flow past porous fences, in
particular looking at the turbulent characteristics and the stream-wise evolution of
the flow. Again, the re-circulation region was found to exist up to a certain porosity,
 = 20% (σ = 80%) in the case of Lee and Kim, and two distinct peaks exist in
the stream-wise turbulence intensity profiles; one in the region behind the fence and
another in the free-stream. Fang and Wang [1997] performed large eddy simulations
to study the flow past porous fences, also noticing a detached re-circulation region,
however, in their simulations the region did not disappear as the porosity increased.
Sakaliyski et al. [2007] showed that a perforated plate placed perpendicular to,
and subjected to, a three-dimensional flow, introduced bleed flow with smaller
length-scales and, as such, had a higher frequency noise signature. They first of
all point out that “conventional spoilers create drag in a noisy manner involving
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unsteady wakes which inevitably generate noise at low frequencies", and theorised
that the large scale flow that exists behind a solid spoiler would be broken down
and thus the predominant contribution to the noise would come from the “turbu-
lent mixing and surface interaction”. This theory is based on previous studies by
(Tam et al. [2006] Tam [1998]) where it was found that jets, such as those coming
through porous plates, have a higher peak acoustic frequency. As a result, the noise
would shift to higher frequencies, which are deemed less annoying to the human ear.
Sakaliyski et al. [2007] claimed that the spoiler with a blockage ratio of 75% gave
the optimum acoustic performance.
6.2.3 Fractal Spoilers
6.2.3.1 Fundamental considerations
Unlike regular grids and even porous plates, space-filling fractal square grids are
capable of introducing a variety of length-scales into the flow in a spatially organised
fashion. Hurst and Vassilicos [2007] and Mazellier and Vassilicos [2008] identified
two main differences between the flows generated by a regular grid and a fractal
square grid; the turbulence intensity peaks much further downstream in the latter
case and is a function of the thickness ratio, tr, which we can tune at will whilst
keeping other parameters, such as the blockage ratio, constant. This gives us a type
of porosity with much greater possibilities to disrupt the creation and the dynamics
of the recirculation zone, thus influencing noise particularly at the low frequencies.
It is hypothesised that the fractal-generated, high-intensity, turbulent flow with
its spatially organised multi-length-scales would not only mimic but even signifi-
cantly improve the results of a more porous plate in that the re-circulation region
is removed entirely, and with it, the low frequency noise. This view is based on
the fractal spoilers being able to create a more intense turbulent flow, with an in-
creased level of fluctuating momentum behind the spoiler that would result in an
increased level of interaction with the re-circulation region. It is, however, impor-
tant to note that the highly two-dimensional experiments done by Castro and the
three-dimensional nature of the flow around aircraft spoilers would give different
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Plate tr Spacing Blockage Ratio l0(mm) t0(mm) Meff(mm)
1 3.02 Equal 0.75 47.45 5.95 7.32
2 3.02 Unequal 0.75 47.45 5.95 7.32
3 9 Equal 0.75 48.00 9.00 7.24
4 9 Unequal 0.75 48.00 9.00 7.24
5 3 Rectangular 0.61 - - -
6 9 Rectangular 0.61 - - -
7 11 Equal 0.60 57.14 11.00 -
Regular 1 Equal 0.75 7.55 1.94 7.55
Table 6.1: Spoiler classification - tr is the ratio between the lateral thickness
of the smallest and biggest bars, l0 is the length of the biggest
bar, t0 is the lateral thickness of the biggest bar. The effective
mesh size, obtained for the fractal grids using equation 2. The
rectangular grid dimensions are not included as they are more
complex and these grids are not comprehensively covered.
results. Similarly, one should note that Castro’s plates were perpendicular to the
flow, whereas our spoilers are inclined at 30○ to the horizontal.
As well as reducing the noise signature, the spoilers must also retain their aero-
dynamic performance which are essential for integration onto the aircraft. Acoustic
measurements such as those done by Sakaliyski et al. are therefore not sufficient to
select the spoiler. For this reason we completed our study by obtaining lift and drag
measurements to verify their aerodynamic performances.
6.2.3.2 Spoiler Configuration
A total of nine spoilers were manufactured, seven of which had a fractal design with
three fractal iterations, one was designed using a regular grid and the final spoiler
was solid. For ease of reference, the term ‘porous ’ shall be used to collectively
describe the effects of the regular grid and fractal grid spoilers.
Each spoiler had a width of TH = 247mm, a height of TV = 106mm and a
thickness of 4.76mm (the imperial thickness of this is 3/16 inch, as this is a standard
industrial size). Spoilers 1-4, as well as the regular grid spoiler, had two 85mm x
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85mm squares within them in which a fractal grid or regular grid was inserted. We
use two different fractal grids with two different thickness ratios, tr = 3.02 and 9. As
well as varying the thickness ratio, the spacing between the two grids was also varied,
with one set having the grids equally spaced along the spoiler (see figure 6.2(a) and
6.2(c)) and the other with an unequal spacing (see figure 6.2(b) and 6.2(d)) to
determine the effect the frame size had, if any, on the noise. The blockage ratio, σ,
for spoilers 1-4 in figure 6.2 was set to 75% due to the results from Sakaliyski et al.
[2007], where it was suggested that this blockage ratio would give the best acoustic
performance.
The effective mesh size of the fractal grids, as defined by Hurst and Vassilicos,
is shown in equation 2, where P is the perimeter of the shape and σg the blockage
ratio of the grid (not σ, which is the blockage ratio of the spoiler listed in Table 1)
Meff = 4T 2
P
√
1 − σg (6.1)
This equation also applies to regular grids in which case it gives Meff =Mg, the
mesh size of the regular grid for which
σg = b
Mg
(2 − b
Mg
) (6.2)
where b is the longitudinal thickness of the bars making the grid.
Two spoilers were also designed using a rectangular pattern (Spoilers 5 and 6 in
figure 6.2), which also had a thickness ratio of 3 and 9, however, the blockage ratio
was decreased to 61%. Since this design incorporated a rectangular design, it meant
that there would be two sets of dimensions for the lengths and thicknesses, whilst
maintaining a constant thickness ratio for both the longer and shorter bars. For
example, the size of the largest rectangle for the tr = 3 and tr = 9 are 59.23mm ×
146.22mm and 63.29mm × 156.24mm respectively, with corresponding thicknesses
of 13.33mm × 5.40mm and 22.22mm × 9.00mm. A further spoiler was manufactured
which had an equal spacing between the two grids, which were 116mm × 116mm in
size, and had a tr of 11. To achieve this, the blockage had to be reduced to 60%.
Table 6.1 gives a list of all the fractal spoilers used, along with their blockage
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ratios, thickness ratios and spacings. It is important to note that the regular grid
spoiler (see figure 6.2) has a similar design to spoilers 1-4 and as such has the
same blockage ratio i.e. 0.75. The spacing between the two grids is equal to the
left and right frames, the bar thickness is 1.94mm and the mesh size is 7.55mm
which is comparable to the effective mesh size of the fractal spoilers with the same
blockage ratio. One can see from equation 3 that it is impossible to increase the
mesh size without either decreasing σg or, if one wants to increaseMg whilst keeping
σg constant, without increasing the bar thickness b on the grid. The latter would
add to the low frequency noise of the spoiler.
6.2.3.3 Possible acoustic sources of fractal spoilers
To understand how scaling the spoilers would affect acoustic performance, one must
first have an idea of where the sources are located on the spoiler.
Sakaliyski et al. [2007] showed that there are effectively three sources of noise on
a porous spoiler: a bluff-body, low frequency noise due to the shedding off the top
of the spoiler; a jet-like, high frequency noise from the holes and the vibration of
the spoiler itself. It is believed that the fractal spoilers would have similar sources
in the shear layer shedding, however, the noise due to the spoiler vibration would
be different and the noise due to the fractal porosity would be different to the jet-
noise produced by the holes. Concerning jet noise fractals grids would have both
jet-like noise sources and wake-like noise sources, due to the complicated interaction
between the different elements of the fractal grid. The main jet source would be the
central cross section, highlighted in grey in figure 6.3, whilst a wake-like flow may
dominate in the square outside the cross, where the wakes from the different bars
interact with each other, highlighted in white in figure 6.3.
According to Lighthill’s acoustic analogy (Lighthill [1952]), the acoustic power
of a jet would scale with the eighth power of the jet velocity, and since that initial
study, extensive research has been carried out to fully understand the sources of
jet noise. For a comprehensive insight into jet noise developments since 1952, see
Tam [1998] and Karabasov [2010]. Studies on jet noise have in the past considered a
circular exhaust, however, in our fractal design the jets are coming through a cross
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(a) Spoiler 1 (b) Spoiler 2
(c) Spoiler 3 (d) Spoiler 4
(e) Spoiler 5 (f) Spoiler 6
(g) Spoiler 7 (h) Regular Grid Spoiler
Figure 6.2: Spoilers used during the experiments. Note lower frame is
slightly thicker in all cases for mounting
shape and would thus make it difficult to create an accurate velocity scaling law. A
simple assumption that can be made is that the peak tonal frequencies associated
with a jet would depend on the size of the orifice through which it flows, therefore
a smaller orifice, such as the circular holes in the plates by Sakaliyski et al. [2007]
would generate a higher frequency noise than the larger orifice seen in the fractal
spoilers.
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Figure 6.3: Regions dominated by jet-like flow (grey) and wake-interaction
flow (white) through a fractal grid
Curle [1955] expanded Lighthill’s acoustic analogy to account for the case when
an acoustic field interacts with a surface, using a circular cylinder as a practical
example. He predicted that at low speeds, where the von Kármán vortex street is
observed, the sound is dominated by dipole noise sources and that the frequencies
of the sound generated by the lift forces are equal to the shedding frequencies,
whilst those generated by the drag force are twice the shedding frequency. This
hypothesis was confirmed experimentally by Gerrard [2002] where it was shown
that the direction of this dipole is at right angles to the flow. Although we have
rectangular cylinders in our fractal grids, Liow et al. [2006] showed that the same
mechanism is responsible for the acoustic sources for rectangular cylinders depending
on their aspect ratio, namely the shedding from the leading and trailing edge. The
vortex shedding from the leading and trailing edge would therefore introduce two
acoustic sources instead of the single source associated with a circular cylinder.
Nevertheless, following Curle [1955], one could use the Strouhal number to generate
the expected frequencies due to each of the bars in the fractal grid, however, one
must remember that there are several interacting wakes of varying length-scales.
As well as the rectangular cylinders within the fractal grid, the frames around the
edge of the fractal grids would also introduce wakes, which would mean that these
would also be a source. Due to the larger size of the frames compared to the fractal
dimensions, they are likely to create a lower frequency noise. It has already been
mentioned, however, that the fractal spoiler has a combination of both multi-sized
wakes and jets which interact with each other, including the jet like flow coming
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through the two square holes.
6.3 Aeroacoustics of inclined, wall mounted spoilers
6.3.1 Experimental set-up
Acoustic and aerodynamic measurements of the wall mounted spoilers were carried
out at the University of Poitiers. Typically, spoilers are deployed over a range of
angles between 8-30○. During landing, the spoiler is deployed at the highest angle,
which has the biggest noise problem. We aim to explore the effectiveness of our
spoilers at this extreme case. Therefore, the angle of 30○ was chosen, however a few
acoustic tests were also done at 90○ to demonstrate the effectiveness of the spoilers
at higher angles.
The co-ordinate system is shown in figure 6.4. Aerodynamic force measurements
of the inclined spoilers were made at Imperial College London. A range of velocities
were used for the tests, ranging between 40ms−1 and 60ms−1. It has already been
shown that the fractal grids have a variety of length-scales, each of which could be
used to define a different Reynolds number. For example, the Reynolds number
based on the width of the spoilers (TH) and a free-stream velocity of 60ms−1 would
be roughly 9 × 105 which would be constant for all spoilers, however, if we were to
choose the thickness of the largest bar, it becomes apparent that there are three
possible Reynolds numbers - Ret0 ≈ 38,000 for spoilers 1 and 2, Ret0 ≈ 57,000 for
spoilers 3 and 4 and finally Ret0 ≈ 70,000 for spoiler 7.
6.3.1.1 Acoustic Measurements
The acoustic measurements were taken in the Anechoic Wind Tunnel at the Univer-
sity of Poitiers. The wind tunnel has an acoustic range of 300Hz to 16kHz, is 2.8m
x 3.8m in size and has a top speed of 60ms−1. For the purpose of these experiments,
tests were ran at 40ms−1, 45ms−1 and 50ms−1. The exhaust nozzle of the wind
tunnel is 0.46m x 0.46m and has a working section of length 1.3m, with the collector
having a cross-section of 0.9m in width and 0.9m in height (see figure 6.4). A flat
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plate, of length 1.3m, is placed between the opening and the collector, on which the
mounting mechanism for the spoilers is located 0.5m from the opening (see figure
6.4(a)). The background turbulence level of the flow is no more than 1% along the
centreline of the tunnel.
Pressure measurements were obtained with a rack that had 16 Series 2, Bruel
& Kjaer 4957 microphones arranged in a 4x4 grid, 0.15m apart, calibrated using a
01dB-Stell 9V 6LR61 PP3 type 94dB-1kHz Pistonphone. During the experiments,
the microphones were placed in two sets of locations both of which were well outside
the flow. For the TOP Arrangement, the microphones were placed 1m above the
spoilers, measured from the surface, with the first line of microphones being in-line
with the leading edge of the spoiler and along the centre-line of the spoiler. For
the SIDE Arrangement the microphones were placed 1m to the side of the spoiler,
this distance being measured from the centre-line of the spoiler, as well as 106mm
above the surface as seen in figure 6.4. Measurements were taken over a period of 20
seconds at a sampling frequency of 44kHz. It is also worth noting that the numerical
system used here for the microphones are for orientation purposes and that S4 and
T4 do not mean that the same physical microphone was placed in these locations.
6.3.1.2 PIV Measurements
A PIV (Particle Image Velocimetry) system has been used to record images of
particles having a mean diameter 1 µm. The seeding is provided by a specially
(a) SIDE Arrangement - microphones 1m from
centreline
(b) TOP Arrangement - microphones 1m above
Figure 6.4: Schematic of anechoic wind tunnel, showing location and num-
bering of microphones.
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designed “seeding grid” located upstream of the convergent nozzle of the wind tunnel.
The pre-processing corresponds to the subtraction of the background image using the
minimum value within the set of images. Two-component (2D-2C) velocity vector
fields are computed with LaVision 7.2 software. A multipass algorithm with a final
interrogation window size of 16×16 pixels and a 50% overlap is applied. The time
interval separating the two laser shots was optimised to reduce out of plane errors
while keeping the dynamic range for velocity measurements as large as possible.
Spurious velocities are identified and replaced using both peak ratio and median
filters.
One thousand statistically uncorrelated velocity fields were acquired with a LaV-
ision Intense camera in a vertical plane along the centre-line of the fractal square
grids - note this is not the same as the centre-line of the plate - at a frequency rate of
4.5 Hz in order to generate converged turbulence statistics. This plane was chosen
so as to capture the properties of the flow coming through the grids as well as the
shear layer created from the top of the spoiler. A second set of measurements were
also taken in the XZ plane with the laser sheet located 4mm above the surface and
it was the closest that we could get to the wall, where we were hoping to show the
effect the spoilers had on the re-circulation zone and ultimately on the low frequency
noise of the spoiler. The same plane also catches the shear layer formed by the edge
of the spoiler, which, if combined with the PIV data from the XY plane, would give
an adequate representation of the flow.
The resolution of the sensor is 1376×1040 pixels with a magnification size of
0.192 mm/pixel for the near wall planes. Illumination is provided by a double pulsed
Nd:YAG laser emitting two pulses of 120 mJ each (laser sheet thickness ≤2 mm).
The time interval between two laser shots is fixed at 10 µs for both PIV planes.
The average percentage of spurious vectors removed with the post-processing is
approximately 0.5%.
6.3.1.3 Force Measurements
Measurements of the aerodynamic forces, acting on the spoilers, were carried out in
the 0.46m x 0.46m re-circulating wind-tunnel at Imperial College London which has
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Figure 6.5: Narrowband spectra for solid spoiler and spoiler 3, T4 micro-
phone, U∞ = 50ms−1
a maximum speed of 60ms−1, a test section length of 1.5m with the spoiler placed
0.5m from the start of the test section. The free-stream velocity was set at 40ms−1,
45ms−1 and 50ms−1, with the spoilers attached to two struts which were themselves
attached to a Nutem Limited Force Balance (Model number 528, Serial Number
N336) that was capable of measuring lift and drag to an accuracy of ±0.15N and±0.05N respectively. The spoilers were inclined by 30○ and not attached to the wall,
meaning the forces measured were acting on the spoiler alone.
It was found that the blockage of the experimental set-up in the wind tunnel was
6% which is low enough so that it does not require any blockage corrections. When
obtaining the results for these experiments, there was a two minute settle time to
allow for any fluctuations.
6.3.2 Results
6.3.2.1 Acoustics of wall mounted spoilers
Acoustic measurements were taken for all the spoilers in order to determine which
spoilers, if any, created the largest reduction in sound pressure level, SPL (see Equa-
tion 6.3), compared to the solid spoiler.
SPL = 10logPN (6.3)
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In Equation 6.3, PN is the spectral density of the non-dimensional pressure ratio
P
P0
, integrated over a bandwidth of 21Hz, where P is the measured r.m.s pressure
and P0 is the reference pressure set at 2 × 10−5Pa. The importance of reducing the
low frequency noise has been mentioned several times and to illustrate why this is
the case, the narrowband spectra of the solid spoiler and spoiler 3 for microphone 4
in the TOP microphone arrangement (i.e. T4 in Figure 5) is shown in figure 6.5.
Note that the limits of the frequency have been set to 300Hz ≤ f ≤ 16,000Hz
owing to the acoustic range of the wind tunnel in Poitiers. In this figure, the
dominance of the low frequencies in the SPL of the solid spoiler can be clearly seen,
which is why it is important to reduce the noise generated in this region. On the same
graph, the narrowband spectra for spoiler 3 is also shown, where a SPL reduction is
observed principally for the high level (low frequency) indicating a global reduction
of the noise.
To illustrate the performance of the spoilers, the difference in SPL was obtained
by subtracting the results of the solid spoiler from the chosen ’test’ spoiler i.e.
∆SPL = SPLSpoiler−SPLSolid, and so the graphs in figure 6.7 show how much noise
Figure 6.6: Change in SPL for the two chosen spoilers at all microphone
locations, U∞ = 50ms−1
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Figure 6.7: Far-field measurements showing the change in SPL between the
spoilers and the solid spoiler, U∞ = 50ms−1
the spoilers are making compared to the solid one.
Although pressure measurements were taken for all the microphones in the ar-
ray, the results for the farthest microphone, based on the radial distance from the
origin (see figure 6.4), are used as they are deemed to be indicative of the far-field
radiation. For both TOP and SIDE arrangements, microphone 4 would be the far-
thest with a radial distance of 1.12m for the TOP arrangement and 1.20m for the
SIDE arrangement. After some initial analysis, it was found that the results from
microphone 4 for the SIDE arrangement gave results that were not consistent with
the rest, and is therefore considered to be an outlier (see figure 6.6). As a result of
this, the data from microphone 8 will be shown instead, which has a radial distance
of 1.15m.
The difference in SPL of all the spoilers is shown in figure 6.7, where we notice
that, for the most part, the new spoilers generate less noise than the solid spoiler.
For both cases, there seems to be a clear change where the fractal and regular grid
spoilers suddenly begin to generate more noise, this change occurring at roughly
2kHz. Despite this similarity, there is also a clear difference in spoiler performance
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Figure 6.8: Change in SPL of two chosen spoilers, U∞ = 50ms−1
Figure 6.9: Effect of decreasing frame size (SPLSpoiler3 − SPLSpoiler4) and
increasing thickness ratio (SPLSpoiler3 − SPLSpoiler1). U∞ =
50ms−1
between the two microphone arrangements. For the TOP arrangement - figure 6.7(a)
- spoiler 3 shows the biggest reduction in the low frequency range, roughly 2.5dB,
closely followed by spoiler 1, with spoiler 3 also showing the best performance in the
higher frequencies. Both of these spoilers had the same spacing, however, spoiler
3 had a higher thickness ratio. Conversely, it is spoiler 4 that showed the worse
performance suggesting that the size of the central frame could be playing a role on
the acoustic performance, as the only difference between spoilers 3 and 4 is the size
of the central frame, and therefore the size of the edge frame. The exact opposite
is seen for the case when the microphones were placed to the side; now, spoiler 4 is
showing the biggest decrease in SPL whilst spoiler 3 was one of the worst.
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To get a clearer view of their performance, the change in SPL for spoilers 3 and
4 compared to the solid spoiler are shown in figure 6.8. It has been shown that for
the TOP microphone arrangement, spoiler 3 seemed to be the best of our spoilers
(see figure 6.7(a)), and using this spoiler as an example, the effects of increasing the
thickness ratio and decreasing the central frame size are shown in figure 6.9. When
comparing the SPL for spoiler 3 and spoiler 4, which is the same as seeing the effect
of decreasing the central frame size (see figure 6.2), it is noticed that there is 4dB
reduction in the SPL in the low frequency range, and that this reduction decreases as
the frequency increases. This suggests that the size of the central frame has a clear
effect on the SPL radiating above the spoiler. The second line in figure 6.9 shows
that the difference in SPL between spoiler 3 and spoiler 1 is roughly constant at a
1dB, suggesting that by increasing the thickness ratio, a 1dB reduction across all
frequencies is observed. It is clear that increasing the tr and decreasing the central
frame size causes a reduction in the SPL.
The improvement in the SPL of the fractal spoilers is not limited to a single
deflection angle of the spoiler, as can be seen in Figure 6.10 where the spoilers are
now deflected at an angle of 90○. Here we show the performance of Spoilers 3, 4 and
the regular grid spoiler compared to the solid spoiler, where it can be seen that the
fractal spoilers have an improvement over a wider range of frequencies, especially in
the higher frequencies. It is interesting that at this angle, there appears to be no
discernible difference between the two fractal spoilers.
6.3.2.2 PIV measurements of the flow behind the wall mounted spoilers
Two PIV planes were used to study the flow behind the spoilers. The first of these
was in the XY plane, in-line with the centre of the fractal grids, the results of which
can be seen in figure 6.11. Along with the normalised U-mean velocity, the span-wise
mean vorticity as well as the stream-wise and wall-normal turbulence intensities are
shown. A striking conclusion that can be made from these results is that the top
frame of the spoilers is dominating a large region of the flow behind it. In particular,
the wake generated by the top frame attributes to roughly 50% of the flow behind the
spoiler, as seen in the stream-wise mean velocity plots in figures 6.11(c) and 6.11(b).
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Figure 6.10: Change in far-field SPL between the spoilers and the solid
spoiler set at 90○. Microphone T4, U∞ = 50ms−1
The re-circulation region generated by this wake is bigger for the regular grid spoiler
than it is for the fractal spoiler, something which could affect the frequency and the
intensity of the noise produced by the spoilers. These results also show that there
is no re-circulating bubble attached to the spoiler and the wall, as is seen in figure
6.11(a) which indicates that the main bubble has become detached from the spoiler.
The associated span-wise mean flow vorticity for the shear layer coming from
the top of the spoiler and the wake of the top frame is seen in figures 6.11(f) and
6.11(e), but what is interesting is the increased level of vorticity immediately behind
the fractal grids, suggesting an increased level of turbulent mixing over a wider
region compared to the regular spoiler. Increased levels of both u and v turbulence
intensity is seen for the fractal spoiler, suggesting that the flow coming through the
spoiler is more turbulent than the regular grid. These results coincide with our
original assumption that the bleed air of the fractal spoiler has more mean vorticity,
velocity and turbulence intensity than the regular grid spoiler. What can not be seen
from these PIV results, however, is whether or not the ‘bubble’ has been removed
entirely, or if it has simply moved further downstream. For this, the XZ plane must
be studied.
Figure 6.12 shows the U-mean velocity and the 2D turbulent kinetic energy
(TKE) for the solid spoiler, regular grid spoiler as well as spoilers 3 and 4 in the
XZ plane located 4mm from the surface. The U-mean velocity for the solid spoiler
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(a) Steamwise mean flow U
U∞ -
Solid spoiler
(b) Steamwise mean flow U
U∞ -
Regular grid spoiler
(c) Steamwise mean flow U
U∞ -
Spoiler 4
(d) Spanwise mean vorticity▽×U - Solid spoiler (e) Spanwise mean vorticity▽×U - Regular grid spoiler (f) Spanwise mean vorticity▽×U - Spoiler 4
(g) u
′
U∞ - Solid spoiler (h) u
′
U∞ - Regular grid spoiler (i) u
′
U∞ - Spoiler 4
(j) v
′
U∞ - Solid spoiler (k) v
′
U∞ - Regular grid spoiler (l) v
′
U∞ - Spoiler 4
Figure 6.11: XY plane PIV results for solid spoiler, regular grid spoiler and
spoiler 4 at U∞ = 40ms−1
(figure 6.12(a)) shows that the re-circulating region extends to three chord lengths
downstream, i.e. up to x ≈ 3TV , however the wake of the spoiler continues beyond
x ≈ 4.5TV . For the regular grid spoiler the re-circulating region, defined as the area
of negative mean velocity, is found between x ≈ 2.5TV and x ≈ 4TV and it is also
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Figure 6.12: XZ plane PIV results for solid spoiler, regular grid spoiler and
spoilers 3 and 4, 4mm from the surface, U∞ = 40ms−1
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found for spoiler 4 where is appears to have the same size, but is closer to the spoiler.
Interestingly, there does not appear to be any region of re-circulating flow for spoiler
3, as all the values in figure 6.12(e) are positive with the mean velocity decreasing
to just above zero. This is also seen in figure 6.13 where the velocity along the
centreline of the spoiler (z = 0) decreases as we move further downstream before
beginning to increase again at around x ≈ 4TV for spoiler 3. The results suggest
that there is a region of very slow or possibly stagnant flow behind spoiler 3 and
that the size of the central frame has a clear impact on the flow being generated
behind the spoiler. Furthermore, the effect of the fractal grid can be seen when
comparing the results of the regular grid spoiler and spoiler 3, since both have the
same central frame size, where we note that with the fractal grid, the re-circulation
region is no longer present.
The turbulent kinetic energy of the flow in the XZ plane gives a good indication
of the sound generating mechanisms as we are very close to the surface (y=4mm).
The results for the solid spoiler show a large amount of TKE compared to the other
spoilers immediately behind the re-circulating region. In comparison to the solid
spoiler, the three porous spoilers (figures 6.12(d), 6.12(f) and 6.12(h)) show reduced
levels of TKE behind the spoiler with the shear layer from the side of the spoilers
generating the highest levels of TKE. Of these, it is the regular grid spoiler that is
showing higher levels of TKE in the shear layer than the two fractal spoilers. Not
only that, but there is a clear region between x ≈ 2TV and x ≈ 2.5TV where there is a
slight increase in TKE, which corresponds to the region where the jet flow through
the grid meets the re-circulating region. A similar area can be seen for spoiler 4 in
figure 6.12(h) where the region of increased TKE close to the spoiler corresponds to
the boundary between jet flow and the re-circulation region. For completeness the
TKE along the centre-line is shown in figure 6.13.
6.3.2.3 Aerodynamic force measurements
As mentioned in the experimental set-up section, the force measurements were just
of the spoiler, not mounted on the wall. The results presented here are more to show
how the lift and drag being exerted on the spoiler vary as the fractal parameters are
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(a) Normalised stream-wise velocity
(b) Turbulent Kinetic Energy
Figure 6.13: Normalised stream-wise velocity and turbulent kinetic energy
along the centreline 4mm from the surface, U∞ = 40ms−1
changed and are of no direct relevance to the wing mounted spoiler configuration
which we discuss in Section 6.4
Although the coefficients of lift and drag are useful when it comes to scaling,
they can be misleading when one wants to compare the performance of two devices.
Any new spoiler should not change the amount of lift and drag being exerted on it
as they are designed to reduce a certain amount of lift and increase a certain amount
of drag during flight conditions. Therefore, the percentage change in lift and drag
force compared to the solid spoiler, PL and PD, are shown in Table 6.2 where a
negative value indicates a percentage decrease in the lift force compared to the solid
spoiler.
The first conclusion to be made from these results is that the lift force acting
on the spoiler decreases when porosity is introduced, however all except one of our
spoilers are able to generate more drag, with the regular grid spoiler having almost
10% more drag force than the solid spoiler. There also appears to be a distinct
influence of both thickness ratio and frame size on the forces being exerted on the
spoiler, for example if the results for spoilers 1-4 are looked at further, one would
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Spoiler PL(%) PD(%) CL CD L/D Pσ(%)
Solid 27.42N 16.80N 0.65 0.40 1.63 0.026m2
Regular -46.00 10.56 0.35 0.44 0.80 -25%
1 -29.46 6.91 0.46 0.43 1.08 -25%
2 -34.71 6.84 0.43 0.43 1.00 -25%
3 -32.15 9.68 0.44 0.44 1.01 -25%
4 -39.76 7.87 0.39 0.43 0.91 -25%
5 -67.35 0.42 0.21 0.40 0.53 -39%
6 -69.54 -4.84 0.20 0.38 0.52 -39%
7 -48.00 3.15 0.34 0.41 0.82 -40%
Table 6.2: Aerodynamic values of spoilers obtained from the force balance.
PL and PD are the percentage change in the lift and drag forces
at U∞ = 50ms−1 respectively, compared to the solid spoiler -
a negative value indicating a percentage decrease. For the solid
spoiler, forces acting on it are shown. Pσ is the percentage change
in blockage ratio compared to the solid spoiler. The area used
for the coefficients is defined as TV × TH .
notice that by increasing thickness ratio i.e. comparing spoilers 1 and 3 and similarly
spoilers 2 and 4, there is a clear increase in drag force and a reduction in lift. If the
results from spoilers 3 and 4 are compared, then a reduction in drag and an increase
in lift is seen, suggesting that the size of the frame as well as the thickness ratio
influence the aerodynamic forces being exerted on the spoilers.
The increase in drag is also seen in the coefficient of drag, where it is seen that
CD for all the spoilers is greater than the solid spoiler. Similarly, the coefficient of
lift for the spoilers are all less than the solid spoiler, with some closer than others,
where the total area of the spoiler - TV ×TH - is used to calculate both the coefficients
of lift and drag. Note also, though, that the regular grid spoiler’s decrease in lift
relative to the solid spoiler is nearly double its decrease in blockage ratio, whereas
this decrease is between roughly 1 and 1.5 the decrease in σ for spoilers 1-4. Also,
the ratio of lift to drag hovers around 1 for these four spoilers whereas it is only 0.8
for the regular grid spoiler.
Again, just as was seen for the acoustic results, by varying the thickness ratio
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and the size of the frame, different results can be achieved for the lift and drag
forces.
6.3.3 Discussion
The results for the wall mounted spoilers have shown clears signs that thickness
ratio and frame size play a key role on the aerodynamics and acoustics around
the spoilers, however, a lot of questions still remain unanswered. How would these
spoilers perform if they were scaled up? How can we scale these spoilers and,
probably most importantly, how can the design of these spoilers be improved upon?
6.3.3.1 Spoiler scaling methods
The reduction in SPL, both on the flat plate and on the real wing section, does
suggest the possibility of using fractal spoilers to reduce the noise. Despite the
relatively small scale of the model it was still possible to show design effects on the
aero-acoustic performance by making very small changes, with these small variations
showing clear differences in the results. The main constraint in designing the fractal
grids came as a result of machining constraints as well as the mathematical nature
of fractals; the smallest thickness of the bars that make up our fractal spoilers was
set to 1mm as this was the limit of the machines. This, and the overall size of the
fractal spoiler, meant that there were certain limitations to the fractal parameters
as well, such as a maximum thickness ratio tr. If, for example, we were to use a
model that was twice the size of what we currently have, i.e. if the spoiler would
have a height and width of 212mm and 494mm, with internal squares being 170mm
x 170mm, with the same machining constraints and blockage ratio, the maximum
possible thickness ratio would be 21. This is not to say that we have to use this
value, but merely shows the increased range and flexibility one would get by only
slightly increasing the size of the spoiler.
The scaling of the fractal spoilers can be done in two different ways. Firstly, a
direct scaling of all the parameters whilst keeping the number of fractal iterations
the same, which would mean an increase in the minimum thickness and hence an
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Figure 6.14: Velocity scaling for Spoiler 3 (black) and Spoiler 4 (red) for
the SIDE Microphone arrangement
increase in the turbulent length-scales introduced. Using this method, however, will
mean that the thickness ratio remains constant, as well as the number of fractal
iterations. Alternatively, if we are to believe that by introducing the smaller length-
scales we can change the acoustic signature over a wide range of frequencies, then
it would be beneficial to have as many of these smaller length-scales as possible in
the design and therefore increase the number of fractal iterations as we scale up.
We now briefly present data from the SIDE Microphone arrangement for Spoilers
3 and 4 for all three velocities, U∞ = 40, 45 and 50ms−1, where a fourth power of the
Mach Number scaling has been applied, as can be see in figure 6.14. Here, we can
see that this is a good fit for both spoilers, but only in a specific range of frequencies
- 2,000 ≤ f(Hz) ≤ 6,000. A similar fit was successfully implemented by Sakaliyski,
who also found that a high frequency M4 scaling worked well with their data. They
explained this result in terms of a uniform and regular array of jets from their plates.
6.3.3.2 Factors affecting the sound pressure level and design optimisation
Spoilers 1-4, as well as the regular grid spoiler, all have the same upper frame size
with the results from the TOP microphone arrangement suggesting that a larger
thickness ratio and smaller central frame will result in an improved performance.
For the SIDE microphone arrangement we again see that it was the spoiler with
the highest thickness ratio and smaller side frame size that gave the best acoustic
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performance.
This suggests that a spoiler with a high thickness ratio and a small frame size
at the side and top should give the best results in both directions.
The effect of frame size on the flow behind the spoiler can be seen in the PIV re-
sults, particularly in the XZ plane, with spoiler 3 showing no signs of a re-circulation
region or increased levels of turbulence kinetic energy downstream of the spoiler -
figures 6.12(e) and 6.12(f). Compare this to spoiler 4, where by increasing the cen-
tral frame size a re-circulation region and the associated TKE appear behind the
spoiler, and then we begin to see why spoiler 3 shows a bigger SPL reduction for the
TOP microphone arrangement. These observations, however, are based on mean
velocity vector fields and it is entirely possible that the re-circulation region exists
for spoiler 3 when instantaneous images are considered, as seen in figure 6.15(a).
An instantaneous u-velocity vector field for the regular grid spoiler, spoiler 3 and
spoiler 4 are shown in figure 6.15 where the white region in the figures represents
the region of re-circulating flow, thus making the bubble easier to see. Evidently
instantaneous reverse flow does exist for Spoiler 3, suggesting it must appear and
then disappear since the mean velocity vector field shows no sign of re-circulating
flow. It can also be noted that the size of the bubble is larger for spoiler 4 than it is
for spoiler 3, however, in order to be able to relate this to the acoustics of the two
spoilers, one must know how this region fluctuates.
In order to determine the fluctuations of the re-circulation region, the area of
the bubble for each instantaneous image was found. To combat the influence of
possible bad vectors that appear in the region z/TV > 0.8 due to the tape on the
wall coming lose during the experiment (note that these experiments were not done
at the same time as the acoustic measurements), we only consider the flow in the
region 0 ≤ z/TV ≤ 0.8 and use that area to normalise the area of the re-circulation
region. A PDF of the normalised bubble area, σB, is shown in figure6.16(a) where
the regular grid spoiler is showing a wider spread, suggesting larger fluctuations of
the re-circulation region. What is interesting from figure6.16(a) is that spoilers 2
and 4 seem to have almost identical PDFs, suggesting that with the fractal grids
further apart, increasing the thickness ratio has no effect on the re-circulation region.
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Figure 6.15: Instantaneous u-velocity vector field for three spoilers. Edge
of spoiler located at z/TV = 1.16, U∞ = 40ms−1
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This is confirmed in figure 6.16(b) where the PDF of the mean length of the bubble,
taken in the same domain as the area, is shown and we again see that spoilers 2 and
4 have almost identical PDFs.
Unlike spoilers 2 and 4, spoilers 1 and 3, which have the two fractal grids closer
to each other (figure 6.2), increasing the thickness ratio shifts the PDF towards zero,
with spoiler 3 showing, as was suspected, that the re-circulation region fluctuates
between existing and not existing. Knowing that the bubble has a small area and
that the fluctuations are small would explain why spoiler 3 is showing the biggest
reduction in SPL for the TOP microphone arrangement. Combining these results it
can also be argued that since the most probable mean length of the bubble for the
regular grid spoiler is less than that of spoilers 2 and 4, yet the area of the bubble
for all three are similar, then the bubble for the regular grid spoiler must be wider
than the ones from spoilers 2 and 4. A similar argument can be used for spoilers 1
and 3, as can be seen in the instantaneous PIV results in figure 6.15.
These PIV results could also explain why there are differences between the mea-
surements from the TOP and SIDE microphone arrangement. By decreasing the
size of the side frame size and increasing the turbulence intensity of the bleed flow,
it is believed that the re-circulation region of the side frame would reduce in size
and along with it the intensity of the shear layer. This can be seen in figures 6.12(f)
and 6.12(h) where the TKE of the shear layer is lower for spoiler 4 - which has the
smaller side frame - than it is for spoiler 3, although it is important to remember
that this PIV plane is two chord lengths downstream. It is also possible that the
presence of a re-circulation region would inhibit the fluctuation of the side shear
layer and thus possibly decrease the low frequency noise radiated to the sides, which
could explain why spoiler 3 is producing more low frequency noise to the side since
there is no re-circulation region to inhibit the fluctuation. This would have to be
studied in more detail to fully understand the mechanisms involved.
What the results do suggest is that the ideal spoiler would be one with a high
thickness ratio and as small a frame as possible with the two fractal squares as close
to each other as possible. However, this does not seem to be the case as spoiler 7,
which had both of these as well as a decrease in blockage ratio, performed worse
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(a) Spoiler 5 (b) Spoiler 6
Figure 6.17: Turbulent kinetic energy (12(u′2 +w′2)) in the XZ plane, 4mm
from the surface. U∞ = 40ms−1. Black area are invalid vectors
than spoilers 1-4. Similarly spoilers 5 and 6 which had a rectangular fractal design
as well as smaller frame sizes also performed worse than spoilers 1-4.
Going back to the original ideas on fractal spoilers, it seems a little counterintu-
itive that by decreasing the blockage ratio, the acoustic performance is worse, since
by letting more bleed air through with a high turbulence intensity, the re-circulation
region should be removed entirely. It appears that there is also an optimum block-
age ratio for the best acoustic performance which appears to be, just as Sakaliyski
et al. [2007] found in their study, around 75%. One possible reason for this is as
follows: by decreasing the blockage ratio, the spoiler lets through more bleed air and
so the momentum passing through the spoilers and onto the surface is increased.
This increase of fluctuating momentum and turbulence kinetic energy on the sur-
face, seen for spoilers 5 and 6 in figure 6.17(a) and 6.17(b), would be detrimental
to the acoustic signature of the spoiler. Note that the scale of these two figures is
the same as the ones in figure 6.12 and that the effect of increasing the thickness
ratio (see Table6.1) is clearly seen with spoiler 6 having higher levels compared to
spoiler 5, which have thickness ratios of 3 and 9 respectively. Again, what is not
visible is the region close to the spoiler where the majority of the bleed air would
be impacting on the surface. This problem would not exist on the wing section, as
when a spoiler is deployed there is an opening and so the flow would not impact on
any surface, which could mean that on the wing section, spoiler 7 might perform
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better than spoiler 3.
A simplified argument of these results would be this. If you have two spoilers,
identical in both size and blockage ratio and subjected to the same free-stream
conditions, however, one has a fractal design and the other uses a simple porous
design, both would have less noise than the solid spoiler but with the fractal spoiler
having even less than the porous one. Both the porous and fractal spoilers will
introduce bleed air that will force the re-circulation region to become detached from
the spoiler and move downstream, however, due to the increased levels of turbulence
intensity, as well as the increased velocity through the spoiler (figure 6.11(c)) i.e. an
increased amount of momentum compared to the porous spoiler, the fractal spoiler
is able to reduce the size of the bubble more than the porous one. It is therefore
more appropriate to think in terms of the momentum and intensity of the bleed
air coming through the spoiler and de-couple this with the blockage ratio argument
put forward by Castro. Instead, the argument should be; how intense should the
bleed air be to remove the re-circulation region, without making the openings in the
spoiler too big that they themselves introduce a low frequency noise?
It is believed that the ideal design of such a spoiler would have small openings and
thicknesses so that the noise generated by its own shape will be in the high frequency
range and not contribute to the low range, which is what we are trying to remove in
the first place, yet at the same time, create a high momentum bleed flow to remove
the bubble. Using fractals, this can be achieved and by scaling-up the design, there
is the added freedom to increase the turbulence intensity and momentum, without
changing the blockage. The fractal grids currently use rectangular shapes to generate
the turbulent flow behind it, however, if circular shapes were used, it is believed that
the SPL would be reduced further. King and Pfizenmaier [2009] showed that for a
single cylinder subjected to a free-stream, a cylinder with a circular cross-section
would generate up to 10dB less noise than a cylinder with a square cross-section.
Naturally, if the spoiler had rounded edges, one would expect an improved acoustic
performance than is seen with the current design.
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6.4 Aeroacoustics of wing mounted, inclined spoilers
6.4.1 Experimental set-up
Combined aero-acoustic measurements were carried out in the Acoustic Wind Tunnel
Braunschweig (AWB) at the DLR Institute for Aerodynamics and Flow Technology,
Germany. AWB is a low noise closed circuit tunnel with an open test section in
an anechoic test hall of dimensions 6.9m × 6.9m × 3.51m. The nozzle has a cross
section of 1.2m by 0.8m and a maximum wind speed of 65ms−1, however, for the
purpose of these tests, the wind tunnel speed was set at 40, 50 and 60ms−1, where
the background turbulence level is 0.3% at a free stream velocity of 60ms−1. A
feature of the AWB is the adjustable collector, which is located 3.65m from the
nozzle and can move in the stream-wise and vertical direction, thus enabling it to
capture the flow from experiments involving high angles of attack. For these tests,
the collector was shifted 60mm downwards.
A three element high-lift wing system is placed in front of the nozzle, which is
capable of having various angles of attack, α, as seen in figure 6.18. The main wing
section has a chord length of 0.3m and a span of 0.8m, and is based on the wing
of the A320. At the front of the wing section there is a leading edge slat which is
deflected at 25○, whilst at the trailing edge there is a flap which is deflected at 35○.
Three angles of attack were chosen; 9○, 12○ and 15○, with the spoiler deflection set
at 30○.
Below the wing system, seven Bruel & Kjaer 4134 microphones were placed
outside the flow spanning a range of polar angles between 63○ ≤ φ ≤ 124○; the fourth
microphone is placed directly below the spoiler and has a polar angle, φ, of 90○
from the direction of the free-stream flow. The entire wing system is connected to
a force balance in order to obtain pitch, lift and drag forces. Data were collected
at a sample frequency of 115kHz and a sample time of 26 seconds for each angle of
attack and each velocity, giving a 28Hz bandwidth of integration for the SPL.
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Figure 6.18: Wing mounted spoiler set-up in AWB
6.4.2 Results
6.4.2.1 Acoustic Performance of Fractal Spoilers
For these tests, only two spoilers could be investigated and based on the experiments
described in Section II, spoilers 3 and 4 were selected. Just as it was in our previous
experiments, the acoustic performance of the two spoilers is based on the difference
in SPL to the conventional (solid) spoiler - a negative difference indicating a decrease
in SPL. Figure 6.19 shows both the narrowband spectra for the solid spoiler and
fractal spoilers, as well as the change in SPL caused by the fractal spoilers for the
over-head (φ = 90○) radiation.
The first thing to note from this figure is that for all spoilers, there is very little
difference in the acoustic signal for all angles of attack and the second thing to note
is that two very distinct tonal peaks exist at 1.7kHz and 2.5kHz. These two tonal
frequencies are in fact due to the slats and associated cavities from the three-element
wing system and are not associated with the spoiler; they are also found to diminish
with increasing angle of attack. There also appears to be little difference in the SPL
between the two fractal spoilers.
From the second figure, we see that the presence of the fractal spoilers create a
reduction in the low frequency noise for the entire wing system, with a reduction
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Figure 6.19: Narrowband and difference in SPL of fractal spoilers compared
to the conventional spoiler at φ = 90○, U∞ = 60ms−1
of up to 4dB seen below 2kHz. Even in the higher frequencies, a small reduction is
seen between 0.5dB and 1dB up to frequencies of roughly 6kHz, whilst as we reach
the limit of the human hearing range, they cause an increase of up to 1dB. There
are also signs that for the very low frequency range (≤ 500Hz), by increasing the
angle of attack the reduction in SPL begins to diminish, however the difference is
quite small.
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Spoiler PL(%) PD(%) CL CD L/D
α = 9○
Solid 714.74N 212.94N 1.04 0.31 3.35
Spoiler 3 0.03 -4.70 1.04 0.30 3.47
Spoiler 4 -0.53 -5.27 1.04 0.30 3.47
α = 12○
Solid 819.70N 238.24N 1.19 0.35 3.40
Spoiler 3 0.78 -2.33 1.21 0.34 3.56
Spoiler 4 -0.51 -4.11 1.19 0.33 3.62
α = 15○
Solid 918.52N 267.98N 1.34 0.39 3.44
Spoiler 3 1.36 -2.14 1.36 0.38 3.58
Spoiler 4 0.69 -2.28 1.35 0.38 3.55
Table 6.3: Aerodynamic performance of the spoilers on the three element
wing section, for various angles of attack. PL and PD are the
percentage change in the lift and drag forces at U∞ = 60ms−1
respectively, compared to the solid spoiler - a negative value in-
dicating a percentage decrease. Forces acting on solid spoiler are
shown.
6.4.2.2 Aerodynamic Performance of Fractal Spoilers
If the spoiler is to be considered as a replacement for the current spoilers seen on
aircraft, it is imperative that the lift and drag characteristics of the wing system
remain unchanged, therefore, as with the previous tests, it is the percentage change
in the lift and drag force that are the ultimate criteria when it comes to comparing
the spoilers to the conventional arrangement. From Table 6.3, it can be seen that
there is very little change in the lift forces acting on the entire wing system across
all wing angles of attack, with the percentage change varying from -0.53% to 1.36%.
The percentage change in drag force is slightly more noticeable, with both spoilers
generating more drag force as the wing angle of attack increases i.e. a smaller
percentage drop as the angle increases. It is possible that as the wing angle increases,
the effective blockage of the fractal spoilers increases, which is why it could be
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generating more drag. Nevertheless, the relatively small changes in lift and drag
forces generated by the fractal spoilers would make them an ideal replacement to
the conventional spoiler, especially for α = 9○ where a 0.03% increase in lift force
and a 4.70% decrease in drag is observed for spoiler 3 compared to the solid spoiler.
The lift-to-drag ratio and coefficients of lift and drag are also presented, where
the reference area is defined as the frontal area of the wing section - ignoring the
porosity of the fractal spoilers. As expected, the coefficients are roughly similar for
all configurations since there is very little change in the forces. The lift-to-drag ratio,
however, shows an increase for the two fractal spoilers due to the slight reduction
in drag force generation.
6.5 Conclusion
Fractal grids generate bespoke turbulence designed specifically for a particular appli-
cation which, in this case, is low-noise aircraft spoilers. The turbulence they create
can be made to optimally interfere and destroy/modify the large scale flow structure
and therefore reduce the low frequency noise without altering the essential lift/drag
characteristics of the spoiler when mounted on a scaled-down A320 wing section.
The atmosphere attenuates high frequency noise faster than low frequency noise so
that the amplified high frequencies of the fractal spoilers may be less of a concern
than the low frequency noise.
It has been shown that a fractal square spoiler can reduce the noise (up to 4dB),
whilst not affecting the lift and drag characteristics of the wing section that much
- the fractal spoilers generating 0.03% more lift force and 4.70% less drag force at
a wing angle of 9○. At higher angles of wing incidence, namely 15○, the change in
lift is 1.36% and generating 2.14% less drag. PIV measurements have also shown
that the fractal spoilers generate a highly intense bleed flow, with increased levels
of turbulence intensity, turbulent kinetic energy and velocity compared to a regular
grid spoiler.
The spoiler designs used covered in this chapter are by no means an optimal
design, and the results presented here should not be considered definitive for all
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fractal spoilers. Instead, it should be seen as a proof of concept design, showing how
thickness ratio and distance between the grids appear to affect the acoustic signature
of the spoilers. The results suggest that we have relatively high levels of control over
the performance of the spoiler by making small alterations to the design, with results
suggesting that by increasing the thickness ratio, we achieve an improvement in SPL
across all frequencies, whilst not changing the blockage ratio. It is believed that by
scaling up the spoiler, there would be fewer mechanical restraints, more flexibility
in the design and the ability to get the same results, if not better.
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Chapter 7
Summary and Conclusions
The aim of this study was, ultimately, to determine if anything could be learnt about
the wake by altering the object that was creating it, focusing on three-dimensional,
infinite aspect ratio wake generators i.e. axisymmetric wakes. This study was mo-
tivated by the fact that in order to generate axisymmetric wakes, the long standing
tradition has always been to use an axisymmetric body. Although many facets of the
wake generated from these bodies have been well documented, the simple fact of the
matter is that there are very few things in our natural environment that are of such
a simplistic geometry. Since fractals are abundant in nature, the logical step was to
use fractal/multi-scale objects to study wakes and hopefully learn something along
the way. This has been achieved with the use of fractal/multi-scale geometries.
In chapter 2, the most basic of properties about the wake generator itself was
investigated, namely its drag coefficient. The results suggest, what may appear
to be an obvious statement now, that the smoother the perimeter of the object,
the lower the drag. For regular polygons, as the number of sides was decreased
(whilst keeping the frontal area of the plates constant) the drag coefficient began
to rise, but only by a couple of percent. From here it was hypothesised that if the
number of discontinuities around the perimeter could be increased, and if they were
more irregular, then we should expect to see a higher drag value. The only way to
achieve this, whilst keeping the area constant, is to apply a fractal pattern and it
was found that the drag coefficient did indeed increase with perimeter and degree
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of irregularity, which was characterised by the fractal dimension Df .
In an attempt to explain the increase in drag, a theoretical argument, was pre-
sented where it was argued that the drag coefficient of a bluff body is a product of the
volume of the wake and the average amount of turbulent kinetic energy dissipation
that exists within the wake, hence CD = CεCV . This neatly led to two very obvious
questions, what happens to the dissipation and the volume of the wake for these
plates? But to be able to answer either of these two questions, it was imperative
to first know if the wake was axisymmetric and thus know how best to investigate
these two properties.
The question of axisymmetry was dealt with in chapter 3 where it was found
that for x ≥ 10` the wake for all our plates was indeed axisymmetric to an accept-
able approximation, with the average variation of the integral width δ∗, momentum
thickness, θ, and turbulence intensities found to be less than 2% at x = 10` - except
the Reynolds shear stress which was less than 5%. Finding the exact location where
the wake would become axisymmetric would have been an interesting addition to the
study, and investigating how the Reynolds stresses develop for the different plates.
This would most easily be obtained with the use of planar particle image velocimetry
(PIV) measurements where the plates would be rotated to various azimuthal angles
and hence one would obtain data for several downstream locations in one go.
Two different methods have been used in the past to obtain a length-scale for
the width of the wake, namely the half-width and the integral width, however both
of these values imply that the wake is self-similar. Hence the self-similarity of the
mean flow was ascertained using both length scales where it was found that the
wakes of all of the plates were indeed self-similar regardless of the length scale used.
As the integral width has no a priori assumption on the shape of the mean profile,
this length scale was chosen to investigate the wake further.
It was found that the wake of the fractal plates was smaller than that of the
disk and the square plate, and that the wake seemed to shrink as the dimension and
iteration of the plates increased. By normalising the streamwise distance and wake
width with the momentum thickness, none of the data points fell on the same curve.
It has been argued by George [1989] that this would imply that initial conditions do
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matter, because if they did not, then all the data points should have fallen on the
same curve implying that the scaling parameters were dependent on the momentum
thickness alone, in line with Townsend’s classical arguments.
Perhaps one of the key findings in this study is that the rate at which the two
main scaling parameters scaled (centre-line deficit u0 and integral width δ∗) did not
follow Townsend’s classical result of u0 ∼ x−2/3 and δ∗ ∼ x1/3. Instead it was found,
using two different methods, that the fractal plates scaled as u0 ∼ x−1 and δ∗ ∼ x1/2,
exponents which George [1989] argued one would find for a low local Reynolds
number solution. Following the ‘checks’ as suggested by Johansson et al. [2003] it
was observed that the wake of the fractal plates had a clear inertial sub-range and
perhaps more importantly, that the local Reynolds number ReL ≡ Re0 = (u0δ∗)/ν
was almost 40% higher for the Df = 1.5(3) plate compared to the disk.
It is suggested that what is being observed is in fact a new high local Reynolds
number scaling for turbulent axisymmetric wakes. By taking the new findings of
Seoud and Vassilicos [2007], Mazellier and Vassilicos [2008], Valente and Vassilicos
[2011a, 2012], Gomes-Fernandes et al. [2012], Laizet et al. [2013], Discetti et al.
[2013] and Nagata et al. [2013], whereby the turbulent dissipation coefficient is not
constant at high local Reynolds numbers for grid generated turbulence and is in fact
dependent upon the ratio of the global to local Reynolds numbers, it was possible
to obtain a general form of the scaling laws for turbulent axisymmetric wakes. The
reason these findings could be transferred to the turbulent axisymmetric wake is that
like grid turbulence, the local Reynolds number decays with downstream distance.
The analysis showed that an alternative high local Reynolds number scaling was
possible for turbulent axisymmetric wakes, one where u0 ∼ x−1 and δ∗ ∼ x1/2, but
where the dissipation of the turbulent kinetic energy had no viscous dependance,
which George assumed to obtain the low Reynolds number solution.
With these findings, a very clear and important area of study would be to inves-
tigate the dissipation and in fact the entire turbulent kinetic energy balance in the
wake of both the disk and the fractal plates to directly ascertain if the dissipation
did have this non-classical behaviour.
The large scale features of the wake also showed some interesting findings in
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that the energy of the large scale structures being shed off the plate reduced with
increasing fractal dimension and iteration, with the energy of these structures re-
ducing by as much as 15% over the spatial region investigated here, and 80% for a
given downstream and radial position. These large scale structures also appeared
to maintain their energy for longer for the case of the fractal plates compared to
the non-fractal plates which could have an impact on the similarity of the wake. It
would be interesting to investigate the behaviour of these large scale features in the
future, particularly as the reduction in their energy corresponds to a reduction in
the volume of the wake but an increase in the drag coefficient. This finding may
be of interest for bluff body control, where the going philosophy is that by reducing
the energy of the large scale structures, the drag will also decrease (Pastoor et al.
[2008]).
Finally fractal geometries, in the form of a fractal square grid, were used to in-
teract with the re-circulating region behind a flat plate and remove it, thus reducing
its noise. This was achieved, where it was found that by increasing the thickness
ratio, the sound emitted from these plates reduced by as much as 4dB. Even for
the same blockage ratio, a different reduction in the noise levels of the spoilers was
measured and so properties of the bleed flow must also be taken into consideration
if the design were to be optimised. What was more surprising was the fact that even
though these plates had holes in them, the lift and drag force of the three element
wing system remained relatively unchanged. It would be interesting to investigate
further this increase in drag (and lift) force, as well as ways of improving the spoiler
in terms of noise.
As mentioned very early on in the thesis, this is the first of what is hoped to
be several studies that look at both fundamentals and applications of manipulating
wake generators in a fractal manner. It is hoped that the results presented here offer
some insight into how best to proceed with the research.
174
Bibliography
I. H. Abbott and A. E. Von Doenhoff. Theory of wing sections: including a summary
of airfoil data. Dover publications, 1959.
P. W. Bearman. Investigation of the flow behind a two-dimensional model with
a blunt trailing edge and fitted with splitter plates. J. Fluid Mech, 21(part 2):
241–256, 1965.
P. W. Bearman. An investigation of the forces on flat plates normal to a turbulent
flow. Journal of Fluid Mechanics, 46(01):177–198, 1971. ISSN 0022-1120.
P. W. Bearman and J. K. Harvey. Golf ball aerodynamics. Aeronautics Quarterly,
27:112–122, 1976.
P. W. Bearman and T. Morel. Effect of free stream turbulence on the flow around
bluff bodies. Progress in Aerospace Sciences, 20(2):97–123, 1983.
E. Berger, D. Scholz, and M. Schumm. Coherent vortex structures in thewake of a
sphere and a circular disk at rest and under forced vibrations. Journal of Fluids
and Structures, 4(3):231–257, 1990.
P. M. Bevilaqua and P. S. Lykoudis. Turbulence memory in self-preserving wakes.
Journal of Fluid Mechanics, 89(3):589–606, 1978. ISSN 0022-1120.
L. W. B. Browne, R. A. Antonia, and D. A. Shah. Turbulent energy dissipation in
a wake. J. Fluid Mech, 179:307–326, 1987.
S. Cannon, F. Champagne, and A. Glezer. Observations of large-scale structures in
wakes behind axisymmetric bodies. Experiments in fluids, 14(6):447–450, 1993.
BIBLIOGRAPHY
S. C. Cannon. Large-scale structures and the spatial evolution of wakes behind ax-
isymmetric bluff bodies. PhD thesis, The University of Arizona, 1991.
T. Carmody. Establishment of the wake behind a disk. Journal of Basic Engineering,
86:869, 1964.
I. P. Castro. Wake characteristics of two-dimensional perforated plates normal to
an air-stream. J. Fluid Mech, 46(3):599–609, 1971.
J. Choi, W.-P. . P. Jeon, and H. Choi. Mechanism of drag reduction by dimples on
a sphere. Physics of Fluids, 18(4):041702, 2006. ISSN 10706631. doi: 10.1063/1.
2191848.
N. Curle. The influence of solid boundaries upon aerodynamic sound. Proceedings of
the Royal Society of London. Series A, Mathematical and Physical Sciences, 231
(1187):505–514, 1955. ISSN 00804630. URL http://www.jstor.org/stable/
99804.
S. Discetti, I. B. Ziskin, T. Astarita, and R. Adrian. Piv measurements of anisotropy
and inhomogeneity in decaying fractal generated turbulence. Fluid Dynamics
Research, In Press, 2013.
W. Dobrzynski and H. Buchholz. Full-scale noise testing on airbus landing gears in
the german dutch wind tunnel. AIAA paper, (97-1597), 1997.
W. Dobrzynski, L. C. Chow, P. Guion, and D. Shiells. A european study on landing
gear airframe noise sources. AIAA Paper, 2000-1971, 2000.
E. H. Dowell. Radiation from panels as a source of airframe noise. AIAA Journal,
13(11):1529–1530, 1975.
R. Fail, J. A. Lawford, and R. C. W. Eyre. Low speed experiments on the wake
characteristics of flat plates normal to an airstream. Ministry of Aviation, 1957.
F. M. Fang and D. Y. Wang. On the flow around a vertical porous fence. Journal
of wind engineering and industrial aerodynamics, 67:415–424, 1997.
176
BIBLIOGRAPHY
P. Freymuth. Frequency response and electronic testing for constant-temperature
hot-wire anemometers. Journal of Physics E: Scientific Instruments, 10(7):705,
1977.
H. V. Fuchs, E. Mercker, and U. Michel. Large-scale coherent structures in the wake
of axisymmetric bodies. Journal of Fluid Mechanics, 93(01):185–207, 1979. ISSN
0022-1120.
W. K. George. The self-preservation of turbulent flows and its relation to initial
conditions and coherent structures. Advances in Turbulence, pages 39–73, 1989.
W. K. George. Asymptotic effect of initial and upstream conditions on turbulence.
Journal of Fluids Engineering, 134(6):061203, 2012. ISSN 00982202. doi: 10.
1115/1.4006561.
J. H. Gerrard. Measurements of the sound from circular cylinders in an air stream.
Proceedings of the Physical Society. Section B, 68(7):453, 2002.
R. Gomes-Fernandes, B. Ganapathisubramani, and J. C. Vassilicos. Particle image
velocimetry study of fractal-generated turbulence. Journal of Fluid Mechanics,
711:306–336, 11 2012. ISSN 0022-1120. doi: 10.1017/jfm.2012.394.
M. J. Gourlay, S. C. Arendt, D. C. Fritts, and J. Werne. Numerical modelling of
initially turbulent wakes with net momentum. Physics of Fluids, 13(12):3783,
2001. ISSN 10706631. doi: 10.1063/1.1412246.
J. M. R. Graham. Turbulent flow past a porous plate. J. Fluid Mech, 73(Part 3):
565–591, 1976.
J. A. Hoffmann. Effects of freestream turbulence on the performance characteristics
of an airfoil. AIAA journal, 29(9):1353–1354, 1991.
W. Humphries and J. H. Vincent. Experiments to investigate transport processes
in the near wakes of disks in turbulent air flow. Journal of Fluid Mechanics, 75:
737–749, 1976a. ISSN 0022-1120.
177
BIBLIOGRAPHY
W. Humphries and J. H. Vincent. Near wake properties of axisymmetric bluff body
flows. Applied Scientific Research, 32(6):649–669, 1976b.
D. Hurst and J. C. Vassilicos. Scalings and decay of fractal-generated turbulence.
Physics of Fluids, 19:035103, 2007.
J. M. Jimenez, M. Hultmark, and A. J. Smits. The intermediate wake of a body of
revolution at high reynolds numbers. Journal of Fluid Mechanics, 659:516–539, 9
2010. ISSN 0022-1120. doi: 10.1017/S0022112010002715.
P. B. V. Johansson and W. K. George. The far downstream evolution of the high-
reynolds-number axisymmetric wake behind a disk. part 1. single-point statistics.
Journal of Fluid Mechanics, 555:363, 5 2006a. ISSN 0022-1120. doi: 10.1017/
S0022112006009529.
P. B. V. Johansson and W. K. George. The far downstream evolution of the high-
reynolds-number axisymmetric wake behind a disk. part 2. slice proper orthogonal
decomposition. Journal of Fluid Mechanics, 555:387, 5 2006b. ISSN 0022-1120.
doi: 10.1017/S0022112006009517.
P. B. V. Johansson, W. K. George, and M. J. Gourlay. Equilibrium similarity, effects
of initial conditions and local reynolds number on the axisymmetric wake. Physics
of Fluids, 15:603, 2003.
H. S. Kang, D. Dennis, and C. Meneveau. Flow over fractals: Drag forces and
near wakes. Fractals, 19(04):387–399, 12 2011. ISSN 0218-348X. doi: 10.1142/
S0218348X1100549X.
S. A. Karabasov. Understanding jet noise. Philos Transact A Math Phys Eng Sci,
368(1924):3593–608, 8 2010. ISSN 1364-503X. doi: 10.1098/rsta.2010.0086.
H. B. Kim and S. J. Lee. Hole diameter effect on flow characteristics of wake behind
porous fences having the same porosity. Fluid Dynamics Research, 28(6):449–464,
2001.
178
BIBLIOGRAPHY
W. F. King and E. Pfizenmaier. An experimental study of sound generated by flows
around cylinders of different cross-section. Journal of Sound and Vibration, 328
(3):318–337, 12 2009. ISSN 0022460X. doi: 10.1016/j.jsv.2009.07.034.
M. Kiya and Y. Abe. Turbulent elliptic wakes. Journal of fluids and structures, 13
(7):1041–1067, 1999.
M. Kiya, H. Ishikawa, and H. Sakamoto. Near-wake instabilities and vortex struc-
tures of three-dimensional bluff bodies: a review. Journal of Wind Engineering
and Industrial Aerodynamics, 89(14):1219–1232, 2001.
S. Laizet and J. C. Vassilicos. Fractal space-scale unfolding mechanism for energy-
efficient turbulent mixing. Physical Review E, 86(4), 10 2012. ISSN 1539-3755.
doi: 10.1103/PhysRevE.86.046302.
S. Laizet, E. Lamballais, and J. C. Vassilicos. A numerical strategy to combine
high-order schemes, complex geometry and parallel computing for high resolution
dns of fractal generated turbulence. Computers & Fluids, 39(3):471–484, 3 2010.
ISSN 00457930. doi: 10.1016/j.compfluid.2009.09.018.
S. Laizet, J. C. Vassilicos, and C. Cambon. Interscale energy transfer in decaying
turbulence and vorticity-strain rate dynamics in grid-generated turbulence. Fluid
Dynamics Research, In Press, 2013.
P. Lavoie, L. Djenidi, and R. A. Antonia. Effects of initial conditions in decaying
turbulence generated by passive grids. Journal of Fluid Mechanics, 585:395, 8
2007. ISSN 0022-1120. doi: 10.1017/S0022112007006763.
S. J. Lee and P. W. Bearman. An experimental investigation of the wake structure
behind a disk. Journal of fluids and structures, 6(4):437–450, 1992.
S. J. Lee and H. B. Kim. Laboratory measurements of velocity and turbulence field
behind porous fences. Journal of Wind Engineering and Industrial Aerodynamics,
80(3):311–326, 1999.
179
BIBLIOGRAPHY
M. J. Lighthill. On sound generated aerodynamically. i. general theory. Proceedings
of the Royal Society of London. Series A, Mathematical and Physical Sciences,
211(1107):564–587, 1952. ISSN 00804630. URL http://www.jstor.org/stable/
98943.
Y. S. K. Liow, B. T. Tan, M. C. Thompson, and K. Hourigan. Sound generated in
laminar flow past a two-dimensional rectangular cylinder. Journal of Sound and
Vibration, 295(1-2):407–427, 8 2006. ISSN 0022460X. doi: 10.1016/j.jsv.2006.01.
014.
B. B. Mandelbrot. On the geometry of homogeneous turbulence, with stress on the
fractal dimension of the iso-surfaces of scalars. Journal of Fluid Mechanics, 72
(2):401–416, 1975. ISSN 0022-1120.
B. B. Mandelbrot. The fractal geometry of nature. WH Freeman and Co., New
York, 1983.
A. Manneville, D. Pilczer, and Z. S. Spakovszky. Preliminary evaluation of noise
reduction approaches for a functionally silent aircraft. Journal of aircraft, 43(3):
836–840, 2006.
D. Marshall and T. E. Stanton. On the eddy system in the wake of flat circular plates
in three dimensional flow. Proceedings of the Royal Society of London. Series A,
Containing Papers of a Mathematical and Physical Character, 130(813):295–301,
1931. ISSN 09501207. URL http://www.jstor.org/stable/95531.
N. Mazellier and J. C. Vassilicos. The turbulence dissipation constant is not universal
because of its universal dependence on large-scale flow topology. Physics of Fluids,
20(1):015101, 2008. ISSN 10706631. doi: 10.1063/1.2832778.
B. Mazzi and J. C. Vassilicos. Fractal-generated turbulence. Journal of Fluid Me-
chanics, 502:65–87, 2004. ISSN 0022-1120. doi: 10.1017/S0022112003007249.
C. Meneveau and K. R. Sreenivasan. The multifractal nature of turbulent energy
dissipation. Journal of Fluid Mechanics, 224:429–484, 1991. ISSN 0022-1120.
180
BIBLIOGRAPHY
J. Mi and R. A. Antonia. Approach to local axisymmetry in a turbulent cylinder
wake. Experiments in Fluids, 48(6):933–947, 6 2010. ISSN 0723-4864. doi: 10.
1007/s00348-009-0779-2.
J. J. Miau, T. S. Leu, T. W. Liu, and J. H. Chou. On vortex shedding behind a
circular disk. Experiments in fluids, 23(3):225–233, 1997.
K. Nagata, Y. Sakai, H. Suzuki, H. Suzuki, O. Terashima, and T. Inaba. Turbulence
structure and turbulence kinetic energy transport in multiscale/fractal-generated
turbulence. Physics of Fluids, Submitted, 2013.
J. Nedić, B. Ganapathisubramani, J. C. Vassilicos, J. Borée, L. E. Brizzi, and
A. Spohn. Aeroacoustic performance of fractal spoilers. AIAA Journal, 50(12):
2695–2710, 12 2012. ISSN 0001-1452. doi: 10.2514/1.J051387.
C. Ostowari and R. H. Page. Velocity defect of axisymmetric wakes. Experiments
in fluids, 7(4):284–285, 1989.
R. E. Owens. Energy efficient engine performance system-aircraft integration eval-
uation. NASA/CR, 159488, 1979.
M. Pastoor, L. Henning, B. R. Noack, R. King, and G. Tadmor. Feedback shear
layer control for bluff body drag reduction. Journal of Fluid Mechanics, 608, 8
2008. ISSN 0022-1120. doi: 10.1017/S0022112008002073.
S. B. Pope. Turbulent Flows. Cambridge University Press, 2000.
K. G. Ranga Raju, R. J. Garde, S. K. Singh, and N. Singh. Experimental study
on characteristics of flow past porous fences. Journal of Wind Engineering and
Industrial Aerodynamics, 29(1):155–163, 1988.
J. A. Redford, I. P. Castro, and G. N. Coleman. On the universality of turbulent
axisymmetric wakes. Journal of Fluid Mechanics, pages 1–34, 9 2012. ISSN 0022-
1120. doi: 10.1017/jfm.2012.371.
181
BIBLIOGRAPHY
E. Rind and I. P. Castro. On the effects of free-stream turbulence on axisymmetric
disc wakes. Experiments in Fluids, 53(2):301–318, 8 2012. ISSN 0723-4864. doi:
10.1007/s00348-012-1288-2.
K. D. Sakaliyski, J. I. Hileman, and Z. S. Spakovszky. Aeroacoustics of perforated
drag plates for quiet transport aircraft. AIAA Paper, 2007-1032, 2007.
T. Schenck and J. Jovanović. Measurement of the instantaneous velocity gradients
in plane and axisymmetric turbulent wake flows. Journal of Fluids Engineering,
124(1):143, 2002. ISSN 00982202. doi: 10.1115/1.1428330.
R. E. Seoud and J. C. Vassilicos. Dissipation and decay of fractal-generated turbu-
lence. Physics of Fluids, 19:105108, 2007.
A. R. Shenoy and C. Kleinstreuer. Flow over a thin circular disk at low to moderate
reynolds numbers. Journal of Fluid Mechanics, 605, 6 2008. ISSN 0022-1120. doi:
10.1017/S0022112008001626.
B. S. Shiau. Measurement of turbulence characteristics for flow past porous wind-
screen. Journal of Wind Engineering and Industrial Aerodynamics, 74:521–530,
1998.
C. K. Tam, N. N. Pastouchenko, and R. H. Schlinker. Noise source distribution in
supersonic jets. Journal of Sound and Vibration, 291(1-2):192–201, 3 2006. ISSN
0022460X. doi: 10.1016/j.jsv.2005.06.014.
C. K. W. Tam. Jet noise: since 1952. Theoretical and Computational Fluid Dynam-
ics, 10(1):393–405, 1998.
H. Tennekes and J. L. Lumley. A first course in turbulence. MIT press, 1972.
A. A. Townsend. The structure of turbulent shear flow. Cambridge University Press,
1956.
M. S. Uberoi and P. Freymuth. Turbulent energy balance and spectra of the ax-
isymmetric wake. Physics of Fluids, 13:2205, 1970.
182
BIBLIOGRAPHY
P. C. Valente. Energy transfer and dissipation in equilibrium and nonequilibrium
turbulence. PhD thesis, Imperial College London, 2013.
P. C. Valente and J. C. Vassilicos. The decay of turbulence generated by a class
of multiscale grids. Journal of Fluid Mechanics, 687:300–340, 2011a. ISSN 0022-
1120. doi: 10.1017/jfm.2011.353.
P. C. Valente and J. C. Vassilicos. Comment on dissipation and decay of fractal-
generated turbulence [phys. fluids 19, 105108 (2007)]. Physics of Fluids, 23(11):
119101, 2011b. ISSN 10706631. doi: 10.1063/1.3657088.
P. C. Valente and J. C. Vassilicos. Dependence of decaying homogeneous isotropic
turbulence on inflow conditions. Physics Letters A, 2011c.
P. C. Valente and J. C. Vassilicos. Universal dissipation scaling for nonequilibrium
turbulence. Physical Review Letters, 108(21), 2012. ISSN 0031-9007. doi: 10.
1103/PhysRevLett.108.214503.
I. Wygnanski, F. Champagne, and B. Marasli. On the large-scale structures in two-
dimensional, small-deficit, turbulent wakes. Journal of Fluid Mechanics, 168(-1):
31, 7 1986. ISSN 0022-1120. doi: 10.1017/S0022112086000289.
M. M. Zdravkovich. Flow around circular cylinders, volume 1. Oxford University
Press, Great Clarendon Stres, Oxford OX2 6DP, 1997. ISBN 0-19-856396-5.
183

The scientific man does not aim at an immediate result. He does not
expect that his advanced ideas will be readily taken up. His work is like
that of the planter - for the future. His duty is to lay the foundation
for those who are to come, and point the way. He lives and labours and
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